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Project  Objective:    Chevron   Technology  Ventures   LLC   (CTV),   formerly   Texaco   Energy
Systems LLC (TES) and Cabot Superior MicroPowders (CSMP) will  develop and test a fuel
processor capable of producing a high hydrogen concentration (>98%) reformate,  containing
inconsequential levels of carbon dioxide and carbon monoxide.   This will be done without the
high capital and operating costs associated with pressure swing absorption (PSA) or membrane
separation.  The proposal team members will develop high durability CO2 absorbents containing
both high temperature water­gas shift (WGS) and steam reforming catalysts.   Process design,
system   efficiency,   and   cost   estimate   studies   will   be   performed,   leading   to   the   design,
construction, and testing of a “stand alone,” low cost, natural gas fed 50 kW fuel processor.
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Background:  The fuel processor is one of the major influences on the performance, durability,
cost and size/weight of a PEM fuel cell system.   A low cost method to produce high purity
hydrogen from natural gas will have an enormous impact.  Conventional methods of natural gas
reforming   for   this   application   such   as   steam  methane   reforming   (SMR)   and   autothermal
reforming (ATR), lead to relatively low hydrogen content gas streams.  The fuel feeds are highly
contaminated by CO and CO2 and require extensive purification prior to delivery to a fuel cell
system.    Elimination  of   the  purification  plant  would  be  an  enormous   improvement   in  both
CAPEX and OPEX.   This  can be achieved by an absorption enhanced reformer (AER) that
combines   steam  methane   reforming,  water­gas   shift,   and  CO2  absorption   in   one   reactor   to
produce a synthesis gas with relatively high hydrogen purity and low CO2 and CO content.  The
potential benefits are well known and have been the subject of much study, but no materials
capable of withstanding many thousands of reforming/regeneration cycles have been identified
yet.
The technical goals of this project are to use the unique manufacturing capabilities of CSMP to
create new, cost effective materials that combine carbon dioxide fixing, steam reforming, and
water­gas shift catalytic properties.   With the new material CTV will develop an efficient, low
cost reformer capable of fueling a 50 kW PEM fuel cell.
EXECUTIVE SUMMARY
The objective of the project was to develop and test a fuel processor capable of producing high
hydrogen concentration  (>98%) with  less   than ppm quantities  of carbon dioxide and carbon
monoxide  at   lower  capital  cost  and  higher  efficiency,  compared   to  conventional  natural  gas
reformers. It was intended that we achieve our objective by developing simple reactor/process
design,   and  high  durability  CO2 absorbents,   to   replace  pressure   swing  adsorption   (PSA)  or
membrane separators.   
The work on adsorbent development was focused on the development of calcium oxide­based
reversible  CO2  absorbents  with   various  microstructures   and  morphologies   to   determine   the
optimum  microstructure   for   long­term   reversible   CO2  absorption.     The   effect   of   powder
production process variables was systematically studied including: the final target compositions,
the   reagents   from  which   the   final   products  were   derived,   the   pore   forming   additives,   the
processing time and temperature.   The sorbent materials were characterized in terms of their
performance in the reversible reaction with CO2 and correlation made to their microstructure. 
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Large scale   spray  processing  equipment,  powder  post  processing  equipment,  and mixer  and
extruder  was   installed   and   commissioned,   for   large   scale   production  of   the   chosen   sorbent
material. Microreactor test stand was designed for testing powders and extrudates under steam
reforming conditions. Results from microreactor tests were used for screening of sorbents and
optimization of reforming and regeneration temperatures. Two 1 kW (2 Kg/day) reactors and test
bays were designed for testing extrudates under practical regeneration and reforming conditions.
1 kW reactors were used for testing different regeneration methods including catalytic and flame
combustion. A detailed thermodynamic steady state model as well as dynamic model was built
using   Aspen®  to   optimize   operating   conditions   and   predict   system   efficiency.   Detailed
engineering design was performed on the 50 kW fuel processor design to estimate efficiency and
capital   cost.  Design   package   included   detailed   process  &   instrumentation   diagram   (P&ID),
reactor design, heat exchanger specification, pressure drop estimation, material specification and
parasitic power estimation. 
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In TGA, sorbent material retained significant capacity over many cycles indicating a step change
in durability compared to commercially available materials. However, in practical regeneration
conditions, the material capacity did not retain significant capacity for 500 cycles. The maximum
regeneration temperature tolerated by the sorbent material dictated use of large air flow during
regeneration and resulted in two issues: first, the heat loss in the system was significant mainly
due to  large regeneration flow rate and second, increased air flow requirement increased the
pressure drop  through  the system and hence,   required significant  parasitic  power for   the air
compressor. These two issues resulted in reduced thermal and net efficiency of the system. Heat
integration scheme for maximum heat recovery required large air­to­air heat exchangers with
small pinch temperatures. This led to large and expensive heat exchanger requirement for the
system.
It was determined that the predicted thermal efficiency of the 50 kW system will not meet the
thermal efficiency target of 75% for the go/no­go decision and hence, decision was made to
close­out the project. 
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Status
Task 1: Materials Development and Characterization
The   goal   of   the  materials   development   effort   performed   by  Cabot   Superior  MicroPowders
(CSMP) was to develop high durability CO2 absorbents containing both high temperature water­
gas shift (WGS) and steam reforming catalysts.  The materials approach relied on CSMP’s spray
conversion   powder   production   platform   enabling   the   production   of   materials   with   unique
microstructure and composition, suitable for Absorption Enhanced Reforming (AER).
Two main types of materials  were the focus of the development effort  performed at CSMP:
active   and   preferably   relatively   inexpensive   reforming   catalyst   and   a   highly   reactive,   high
capacity, highly reversible CO2 absorbent.  The major focus has been the development of a CO2
absorbent that maintains a high capacity and controlled microstructure over a large number of
cycles. The challenge in designing stable CO2 absorbent materials comes from the fact that the
product of the carbonation reaction, CaCO3  has a much lower density than the reagent CaO.
Therefore, for a fixed mass of CO2 absorbent in a reactor bed, there is a large increase in volume
as CaO is converted to CaCO3.   Due to the high temperature typically required for the sorbent
decarbonation,   particle   sintering   occurs   leading   to   a   significantly   reduced   CO2  absorption
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capacity during the subsequent cycles.   Highly active SMR catalysts are well known and the
challenge in this context was how this material should be integrated into the AER scheme and to
identify the optimum microstructure and transport distance between the site of the catalyst and
the sorbent powder.  CSMP utilized its spray­based powder manufacturing approach to develop
and  produce  powders   that  have  been   specifically  designed   for  AER using   logical  materials
design concepts.   A summary of  the design aspects   that  were tested as part  of  the materials
development work are described in Table 1 below.  In each specific task, a design of experiments
around   the   powder   composition   and   spray   processing   conditions   was   performed   and   the
properties   of   the  powders  were   analyzed  by  physical   characterization  methods   and  Thermo
Gravimetrical Analysis (TGA) for their CO2 sorption capacity. 
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Issue/Function Material Approach Schematic
Reforming catalyst <0.5
wt.%Rh/Al2O3
High dispersion of Rh on
Al2O3 with high Rh
utilization in a
microstructure that
enables gas transport
Inter­aggregate 
porosityIntra­aggregate 
porosity
Rh
Al2O3
High capacity
reversible CO2
absorbent
Supported
CaCO3 e.g.
CaCO3/Al2O3
(95/5 wt.%)
Highly porous, high
surface area CaCO3
containing Al2O3 for
structural integrity in
pelletization 
“Regenerated” to form
CaO in first step
Absorbent
particle (CaO)
Reacted absorbent
particle (CaCO3)
Combined reforming
catalyst and CO2
absorbent
<0.05wt.%
Rh/Al2O3/CaO
composite
Systematic variation in
proximity of catalysis and
CO2 adsorption: 1.
Pelletized individual
powders; 2. Pelletized
mixed powders; 
3. Composite powders
Rh/Al2O3 Mixture CompositeCaO
Improved
carbonation/
decarbonation
kinetics
Supported
CaCO3 with
additives or
microstructura
l
enhancements
Two approaches: 
1. Microstructural –
introduce bond strain
through nano­engineering
2. Chemical – introduce
additives that alter bond
strength and kinetics of
the rate­determining step 
Ca
O
Hetero 
atom
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Table 1:  Summary of materials and structures that were developed during the work
program
 
AER Reactor
Testing
Extrusion
ScreeningPowder Production
Powder Post Processing
Figure 1:  Materials synthesis approach and work flow
The testing of the materials in its final application (AER reactor) requires their formulation by a
pelletization  process   into   extrudates  with   the  necessary   crush   strength   and  durability   under
cycling. Figure 1 represents the materials synthesis approach and workflow. It starts with powder
synthesis at variable conditions, followed by post processing (or additional calcination) of the
spray processed powders,   testing and formation of extrudates,  followed by evaluation of  the
extrudates by various methods at CSMP and in the AER reactor by TES.
Subtask 1.1: Steam Reforming Catalysts
A steam  reforming  catalyst   is   required   to   convert  methane   into  CO and  H2.    Nickel­based
catalysts   are  often  used  because   they  are   active  and   inexpensive,   but   they   are  more  easily
deactivated by sulfur poisoning and carbon deposition at steam to carbon ratios below 3.   This
can lead to shorter life and reliability of the reforming system.  As a reliable alternative, we have
chosen to explore Rh/Al2O3  steam reforming catalysts since this composition is known to be
active over a larger operating range with a low sensitivity to poisoning by sulfur contaminants.
The potential downside is that this catalyst system contains a relatively expensive precious metal,
but this is somewhat offset by the very low loadings of the catalyst on the support (0.05 wt.% or
less in the AER bed) required in the Absorption Enhanced Reforming system. 
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The goal of this task was to develop a highly active Rh/Al2O3  reforming catalyst that has Rh
content of less than 0.05 wt.% when loaded in the AER bed either by reducing the amount of Rh
on  Al2O3  or   reducing   the   amount   of  Rh/Al2O3  that   is   combined  with   the  CaO­based  CO2
absorbent.    The  experimental  work  was   focused  on  producing   reforming  catalysts  by   spray
conversion that have a higher dispersion of Rh on different forms of Al2O3  with a variety of
different surface areas and porosities to enhance gas transport.    Variables that were explored
included the type of chemical precursors to Rh, the type of Al2O3  support, the spray generation
method as well as the temperature and time of spray processing.   A series of characterization
methods such as X­Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission
Electron  Microscopy   (TEM),   BET   and   pore   volume   analysis,  were   conducted   in   order   to
correlate the catalyst performance with the precious metal loading, its dispersion and the overall
catalyst porosity and stability.
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Figure 2:  Steam reforming of methane over 0.5wt% Rh/Al203 catalysts
The   activity   of   the   powders   in   steam   reforming   of  methane  was  measured   at   a   reaction
temperature   of   600°C   and   a   H2O:C   ratio   of   3:1   (Figure   2).     Compared   to   a   standard
commercially available reference catalyst  with the same composition,  the 0.5 wt.% Rh/Al2O3
catalysts made by the spray process show higher conversion at all space velocities.  The catalyst
activity of spray–based powders is clearly influenced by the spray processing temperature, Rh
precursor type and solids loading in the precursor suspensions.  These results clearly demonstrate
the flexibility of spray processing for the preparation of reforming catalysts with higher catalytic
activity, when compared to the catalyst prepared by a conventional approach. 
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To explore if further reduction of Rh loading is feasible without loss of performance, catalysts
with lower wt.% Rh, 0.35 and 0.2 wt.% Rh/Al203, were synthesized and tested for their methane
conversion activity.  Figure 3 compares the performance of lower wt. % Rh loading catalysts to
this of 0.5 wt.%Rh/Al203  catalyst, and with the activity of corresponding extrudates.   It can be
seen that even with 0.2 wt% Rh, the catalyst still demonstrates reasonable methane conversion as
compared to the catalyst with loading of a 0.5wt% Rh/ Al2O3.  These results indicate that spray
processing as a method for producing the SMR catalysts, demonstrates a potential to reduce the
precious metal content, while maintaining overall performance.
Figure 3:  Reforming activity of Rh/Al2O3 catalysts made by spray conversion ­ effect of
precious metal loading
  0.5% Rh/Al2O3 
.0.5% Rh/Al2O3 
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Figure 4:  A comparison of the performance of reforming catalysts made by different spray
conversion methods
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A comparison of the catalytic performance of materials made by two different spray conversion
approaches, high temperature spray conversion and low temperature spray conversion, were also
conducted   and   the   results   are   shown   in  Figure   4,   together  with   test   data   for   the   standard
commercial catalyst. The results demonstrate that reforming catalysts made by low temperature
spray  conversion  can  match  and even exceed at  higher   space  velocities   the  performance of
powder  made   by   high   temperature   spray   conversion.   The   higher   catalytic   performance   of
Rh/Al2O3 materials made by spray conversion compared to the standard commercial catalyst has
been   assigned   to   a   better   dispersion   of   the   precious  metal   over   the   support.   Transmission
Electron Microscopy (TEM) analysis  was done  for   the samples  made by spray methods vs.
commercial sample. Figures 5 and 6 present TEM images for 0.5 wt.%Rh/Al203 powders made
by spray conversion (Figure 5) and conventional catalyst (Figure 6). 
     
Figure 5:  TEM image of 0.5wt% Rh/Al2O3 catalyst made by spray conversion
With the same loading, it is difficult to observe the presence of precious metal nanoparticles in
the catalyst made by spray conversion (Figure 5), while Rh nanoparticles can be seen in the
commercial Rh/Al2O3 at the same magnification (Figure 6). 
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Rh 
Figure 6:  TEM image of 0.5wt% Rh/Al2O3 catalyst made by conventional method
The production of the Rh/Al2O3  catalysts was scaled up to quantities necessary for the reactor
testing.  An  extrudates  were  also   formulated  with   the   reforming  catalyst  and   tested   in  AER
reactor. However, since the major materials developmental effort was focused on the sorbent
optimization,   and   to   minimize   amount   of   variables,   the   testing   in   AER   reactor   was
predominantly made with standard conventional reforming catalyst.
Subtask 1.2: CO2 Absorbent
The work plan in this area was focused on the development of calcium oxide­based reversible
CO2  absorbents  with   various  microstructures   and  morphologies   to   determine   the   optimum
microstructure   for   long­term   reversible   CO2  absorption.     The   effect   of   powder   production
process   variables   was   systematically   studied   including:   the   final   target   compositions,   the
reagents from which the final products were derived, the pore forming additives, the processing
time and temperature.  The sorbent materials were characterized in terms of their performance in
the reversible reaction with CO2 and correlation made to their microstructure.
AER process and requirements for sorbent material
In the AER process the reactant, steam, and methane are introduced into a reactor containing a
mixture of reforming catalyst and high temperature CO2  removal sorbent.   Once the sorbent is
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saturated  with  CO2,   forming  CaCO3,   it   has   to   be   regenerated  by  heating   it   up   to   a  higher
temperature 750­850°C to convert   it  back to CaO.   The process   is   therefore cyclic,  and the
reactor  must  undergo repetitive  reaction/regeneration steps.    The materials  used  in   the AER
process, both catalysts and sorbents, should therefore be capable of maintaining their activity
(reactivity  and  capacity)  and  structural   stability  during  multiple   reaction/regeneration  cycles.
The key requirements for sorbent suitable for AER for high temperature CO2 removal are:
• High CO2 removal capability at high temperature
• Fast kinetics for reaction/regeneration in temperature range of 600­850°C
• Chemical stability, e.g. reversible CO2 uptake/release
• Mechanical and thermal stability
It  is known that natural or synthetic calcium oxide or dolomite could potentially be suitable
absorbent  material.    However,   the  absorption  capacity   for   these  materials   rapidly  decreases
during   repeated  CO2  absorption­desorption   cycles   due   to   loss   of   porosity   and   sintering   of
crystallites. Therefore, a targeted design approach to the sorbent morphology and structure is
necessary to achieve the stability targets during multiple cycles.   Three main sorbent powder
design aspects were explored:
1. Design the CO2 reaction bed microstructure around the reacted form of the bed, such as
CaCO3. In this strategy, reversible reaction with CO2  is less likely to close porosity and
reduce surface area compared to designing the microstructure around CaO.
2.   Execution   of   sequential   chemical   reactions   involving   specific   reagents   and   pore
forming   chemicals   performed   by   spray   processing   to   produce   discrete  micron­sized
particles comprising specific compositions and microstructures.
3.   Integration   of   the   sorbent   powder   with   inert   materials   to   achieve   improved
performance and stability  of   the  final  product.    For  example,   introduction of  soluble
reagents such as Mg(NO3)2  in the starting solution will result in formation of synthetic
tailored dolomite, while the introduction of nanophase Al2O3 will result in the formation
of a CaO/Al2O3 composite.
A series of CaO and CaO­based materials were prepared by spray­based technology and some of
the   samples  were   further   post   processed   by   heat   treatment   following   the   spray   conversion
process.   Four  main   types  of  materials  with   different   composition  were   used   for   the   initial
investigation: CaO, Al2O3/CaO, CaO/MgO and Al2O3/CaO/MgO. The powders were produced by
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different spray conversion methods and different amount of additives (Table 2).  For comparison,
a commercially available CaO from J.T. Baker was used as a reference.
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Table 2:  Typical samples composition and the precursors used for making such material
Thermal Gravimetric Analysis (TGA) of the materials 
Based on the material design concept, the sorbent materials containing low density CaC2O4 were
first targeted.  These types of materials were made with calcium nitrate and ammonium oxalate
by spray conversion method.  The analysis of the material thermal behavior was carried out by
TGA.    Figure  7   shows   the   typical  TGA profile   for   as­made  Ca­based   powder   from  spray
conversion with oxalate precursor. 
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 Sample ID Composition Precursors
A. CaO
PCL178004A CaO CN, 20% NH4NO3, 2.5% PVP (10k)
PCX178091A CaO CN/latic acid/NH4NO3
PCX178092A CaO CN/NH4NO3
PCL178016A CaO CN/AO
PCL178019B CaO CN/AO
B. Al2O3/CaO
PCL178019A 10wt% Al2O3/CaO CN/AO/Al
PCL178019C 10wt% Al2O3/CaO CN/AO/Al
PCL178019D 25wt% Al2O3/CaO CN/AO/Al
C. CaO/MgO
PCM178033C CaO/MgO (90/10 wt/wt) CN/AO+MN/AO
PCM178033A CaO/MgO (50/50 wt/wt) CN/AO+MN/AO
PCX178093A CaO/MgO (50/50 mol/mol) CN+MN/glycine/latic acid
PCX178095A CaO/MgO (50/50 mol/mol) CN+MN/urea/latic acid
PCX178096A CaO/MgO (50/50 mol/mol) CN+MN/glycine/ethanol
PCX178123A CaO/MgO (50/50 mol/mol) CN+MN/H2O
PCM185001A CaO/MgO (52:48 mol/mol) CN+MN/OA
D. Al2O3/CaO/MgO
PCM178033D 5wt% Al2O3/CaO/MgO (90/10 wt/wt) CN/AO+MN/AO+Al
PCM178033B 5wt% Al2O3/CaO/MgO (50/50 wt/wt) CN/AO+MN/AO+Al
Note: CN: Calcium nitrate; MN: Magnesium nitrate; AO: ammonium oxalate; OA: oxalic acid
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C aC O 3  C aO  +  C O 2
C aC 2O 4  C aC O 3 + CO
C aC 2O 4.H 2O C aC 2O 4 + H 2O
PC L952403A
Figure 7:  Typical TGA profile of Ca powder made by spray conversion with oxalate
precursor
There are three major weight loss changes observed in the temperature range up to 900oC.  Up to
250oC, there is a weight loss due to the dehydration, of about 10 wt%, the second range between
350 ­ 500oC, which accounts for about 19 wt% and is due to the decomposition of oxalate, and
the third range from 700 ­ 870oC, with about 30% weight loss, which takes place because of
decarbonation.     Based   on   the   literature   survey   and  XRD   analysis,   the   following   chemical
reaction is proposed during heat treatment process.
1. Dehydration 
CaC2O4.H2O CaC2O4 + H2O (up to 250oC)
 ∆W1= 12.3 wt%
2. Decomposition
CaC2O4 CaCO3 + CO (350~500oC)
∆W2=21.85 wt% based on CaC2O4; ∆WT= 19.2 wt% based on CaC2O4.H2O
3. Decarbonation
CaCO3CaO + CO2(700~860oC)
 ∆W3=44 wt% based on CaCO3; ∆WT = 30.1wt% based on CaC2O4.H2O 
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Total: CaC2O4.H2O = CaO + CO2 + CO + H2O (in the absence of O2)
The total weight loss (theoretically) is 12.3+ 19.2+ 30.1=61.6 wt%, which is very close to the
experimental TGA number of 61.5 wt%.  From the TGA curve, it can also be seen that CaCO3
can be stable in the temperature range from 500 ­ 700oC.
  
C aC O 3  C aO  +  C O 2
C aC 2O 4  C aC O 3 +  CO
M gC 2O 4  M gO  +C O+  C O 2
C aC 2O 4.H 2O C aC 2O 4 +  H 2O
M gC 2O 4 .2H 2O   M gC 2O 4 +  2H 2O
P C L952403 D
Figure 8:  Typical TGA profile of CaOMgO powder made by spray conversion with oxalate
precursor
The powder with a composition of mixed Ca and Mg oxalate was also analyzed by TGA and the
profile  was  shown  in  Figure  8.    Similarly,   there  are   three  major  weight   loss   ranges   in   the
temperature up to 900oC.  Up to 350oC, there is a weight loss due to dehydration (13 wt%), and a
second   weight   loss   of   about   35   wt.%   between   350   ­   500oC   was   observed   due   to   the
decomposition of oxalate.  The weight loss in the temperature range between 700 ­ 850oC is due
to the decarbonation of CaCO3. The Ca/Mg oxalate demonstrates similar thermal behavior to Ca
oxalate in the first stage (up to 350oC) and the last stage (700 ­ 860oC).   However, during the
second range, the TGA profile is quite different because the thermal stability of Mg oxalate and
carbonate is much lower than the Ca material. In the temperature range of 350 ­ 500oC, MgC2O4
is decomposed into MgO.   The TGA analysis data were used for selection of post processing
temperatures and conditions targeting particular a formation of a particular CaO compound and
or a mixture of compounds.
Page 34 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
A typical CO2 absorption profile for a CaO­based sorbent is shown in Figure 9.  The absorption
process of a single cycle can be described with two mechanisms.   A fast surface reaction step
takes place initially, which leads to the formation of a carbonate layer; then the reaction advances
with the diffusion of CO2 through this carbonate layer and reacts the inner particle layer particle.
This reaction step is controlled by the diffusion of CO2 and its rate is 
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Figure 9:  Typical CO2 absorption profile and regeneration over CaO sorbents as a
function of time
significantly lower than that of the surface reaction.   The absorption behavior observed is in
agreement   with   the   reports   in   the   literature.     All   samples   synthesized   at   different   spray
processing   conditions   and  with   various   compositions  were   tested   for   their  CO2  absorption
capacity during several cycles.  Figure 10 compares the CaO absorption performance for CaO­
based sorbent powders made by various spray processing methods (A and B) and commercial
CaO powder during a limited cycle testing.  The commercial CaO shows the lowest activity for
CO2  absorption  and only  converts  30~40 mol% of   its   total  CaO  into  carbonate   form.  CaO
powders   produced   by   spray   conversion  method  A   are   only   slightly   better.  However,  CaO
powders made by spray conversion method B, followed by post  processing,  demonstrate the
highest activity and more than 80% conversion.   The cycling data, on the other hand, show a
quick decrease of CO2 activity from 80% to 35%, within only 8 cycles.  This raised the question
of  how  to  sustain   its   initial  high  CO2  capacity  during  cycling  operations  of   absorption  and
regeneration.
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Figure 10:  CaO reaction activity to CO2 over CaO samples from different sources
Various characterization techniques were used  to correlate   the material  performance with  its
physicochemical properties.  Scanning Electron Microscopy (SEM) images, as shown in Figures
11 A and 11 B, suggest that powders morphology plays a significant role. The commercial CaO
powder has a large particle size and is nonporous (Figure 11, A). The CaO powder made by
spray conversion method B followed by post heat treatment has unique morphology with a small
particle size and a very porous structure (Figure 11, B). 
  
Figure 11,A:  SEM image of the commercial J.T. Baker CaO
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Figure 11,B:  SEM image of CaO powder made by spray conversion method B
Further   analysis   of   the  particle   size   distribution,  BET surface   area,   pore  volume,   and  pore
diameter of the CaO powders was performed and revealed that CaO powders made by spray
conversion method B have small average particle size, significantly higher surface area and pore
volume compared to the commercial CaO powder. These unique properties, particularly very
porous structures, may provide for an easy access of CO2  to the surface of the CaO particles,
resulting in faster surface reaction activity, and accordingly, to a faster absorption kinetics as
compared with other CaO powders, as seen in Figure 9.
The multiple cycle data for pure CaO samples in Figure 10, however, show quick loss of CO2
capacity   from 80%  to  35% within  only  8  cycles   and  demonstrate   the   long   term durability
challenge in the sorbent material design, i.e., how to sustain its CO2  capacity during multiple
cycles.   To address this, large number of CaO­based powders with different additives such as
Al2O3, MgO and combinations of MgO and Al2O3 were tested for their CO2  sorption capacity
over 10 cycles. The results demonstrate that by adding suitable amount of additives (based on the
final material oxide composition) for CaO/MgO (MgO >10wt%), and Al2O3/CaO (Al2O3 <50%),
the CaO­based materials not only demonstrate high initial performance but can also sustain its
CO2 capacity during the carbonation/decarbonation cycling. The CO2 capacity during 10 cycles
over selected Al2O3/CaO and CaO/MgO/Al2O3 samples are shown in Figure 12. For example, the
spray based CaO/MgO (50/50 by weight) powder has initial activity of around 96% and after 12
cycles it still maintains over 90%. The CaO/Al2O3 (90/10 by weight), demonstrates around 78%
capacity after 12 cycle test, practically unchanged from its original 80% capacity. 
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Figure 12:  CO2 absorption capacity of selected CaO­based compositions:  CaO1: pure
CaO; PCM178033A: CaO/MgO (50/50 wt/wt); PCM178033D: CaO/MgO/Al2O3 (90/5/5
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Figure 13:  A comparison of CaO based sorbent performance between samples prepared by
wet chemistry (PCM185001A) and spray conversion (PCM178033A)
The effect of different preparation methods on CaO/MgO CO2 absorption performance by using
the same precursor and powder composition were also investigated.   One of the materials was
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prepared by conventional wet chemistry, and one with identical composition was prepared by
spray conversion method. The CO2 absorption data are provided in Figures 13.   It can be seen
that the CO2 capacity decreases faster over the material made by conventional method, despite
the identical composition.   From the above comparison, it can be concluded that by using the
unique material concepts and combining them with CSMP’s proprietary spray technologies, a
CO2  sorbent   powders   can   be   synthesized   with   improved   durability   during   multiple
carbonation/decarbonation cycles.    Analysis  of  the structural  characteristics of these powders
leads to the conclusion, that the incorporation of additives improves sorbent microstructure by
increasing the surface area and pore volume, and prevents CaO particles from sintering.
Further optimization of the morphology and composition of CaO/Al2O3 based sorbent materials
was carried out. The effects of additives, temperature, alumina type, and alumina content on CO2
absorption performance were investigated.   Additives such as different fuels and pore formers
were used when making CaO/Al2O3 (90:10 wt/wt), and the results are shown in Figure 14. It can
be seen that the use of fuel ethanol has positive effects on the material performance, resulting in
10% higher than the material without any additives. It can be also found that the addition of pore
formers, and surfactants does not increase the CO2 capacity. The effect of type of Al2O3 used as
inert  additive  was  also   investigated.  Different  Al2O3  types  with  different  properties   such  as
crystallite   size,   BET   surface   area,   and   pore   size   were   selected   for   making   CaO/Al2O3
compositions and the most optimal for performance additive was selected.
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Figure 15:  Effect of inert additive content on the sorbent capacity
The   effect   of   inert   additive   content   in  CO2  sorbent  was   also   investigated  with   the  goal   to
minimize its amount to ensure higher overall CO2 capacity and maintain the required stability.
Figure 15 clearly shows that when the inert additive is less than 30 wt%, the CO2 capacity does
not   change   significantly,  while   concentrations   of   inert   additive   higher   than   30  wt.%   have
negative effect on the overall capacity and are undesirable. Figure 16 demonstrates the overall
capacity for spray­based powders with various amounts of inert additive. 
As a result of the extensive powders synthesis and testing for CO2  capacity by TGA method, a
number of powder compositions and post processing protocols were selected when the capacity
and stability of the absorption were maximized. Among the best performing materials were the
spray based powders with the following compositions: CaO:MgO, 50/50 wt.%, 
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Figure 16:  Comparison of CO2 sorption capacity of spray based CaO powders with
various amount of inert additives
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Figure 17:  Long term cycling of spray based CaO powders evaluated by TGA CO2 method
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CaO:MgO, 80/20 wt.%, CaO:Al2O3, 90:10.   Figure 17 shows an example of two samples with
large   variation   in   their   sorption   capacity   and   stability   as  measured   by  Thermo­gravimetric
Analysis   (TGA)  under   the   following   conditions:   carbonation:   600oC;  decarbonation:   750oC.
These data  show that   the reactivity  of  the sorbents  (in  terms of CaO reaction fraction) of a
properly designed material can be extremely high (over 70 % for sample A) and that it can be
retained after multiple cycles of carbonation and decarbonation.   To our knowledge this is the
best performance observed for these type of materials and while this is only a relatively small
number of cycles (over 140) at model testing conditions, it demonstrates the feasibility of the
proposed materials approach.   The spray­based powders, which demonstrated stability for over
100’s of carbonation/decarbonation cycles were further tested for their CO2 sorption capacity and
stability when formulated into extrudates.
Note: Multiple samples described in the paragraphs above were produced and identified prior to
the start of the project; however additional characterization and testing were completed during
the execution of the project tasks.
Subtask 1.3: Pelletization
Based on the performance and characterization data measured for the powder materials in each
of the Subtasks 1.1 and 1.2, optimum powder materials were selected for pelletization.   The
extrusion effort was focused on selected best catalyst and sorbent compositions. The work under
this subtask was focused on the development of absorbent and catalyst­containing pellets with
varying levels of contained binders and as a function of the pelletization processing conditions
including amount of added binder, chemical reagent and thermal processing schemes.
For the sorbent and catalyst to be loaded into the AER fixed bed reactor, the catalyst and sorbent
powder must be fabricated into shapes, such as extrudates, pellets or beads, (rather than original
powders) in order to minimize issues such as pressure drop into the AER the reactor. Extrusion
is the most commonly applied shaping technique for catalysts and supports. For extrusion, the
catalyst/sorbent powder is generally in the form of wet paste or powder that is converted to a wet
paste within the extrusion machine itself. The extrusion machine forces the paste through a die,
and   optionally   cuts   off   the   extruded  material   at   the   desired   length.  One   of   the  minimum
requirements is that the shaping process needs to minimize the loss of catalytic and sorption
performance in the shaped extrudate/pellets. A series of the following criteria should be met for
successful formulation of extrudates from the sorbent and reforming catalyst powders:
• The extrudate should have the required mechanical strength such as crush strength
and attrition
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• Since temperature swing operation (reaction/regeneration) and the use of stream
are   expected   in   the   proposed   AER   process,   the   extrudate   should   have   the
necessary thermal and mechanical stability to withhold numerous cycles
• The extrudates should demonstrate high CO2 absorption capacity and kinetics
A general extrusion recipe for catalyst materials was employed to make CaO­based powders into
extrudates.     Extruding   equipment   can   be   classified   in   one   of   the   two   categories:   die/press
extruders and screw extruders. Die extruders are used in general for highly viscous pastes; screw
extruders are preferred for thixotropic products.  In general, the ease of extrusion and quality of
the product depend on the following properties of the paste:
1. Viscosity   (adhesivity):  A  non­thixotropic   product   that   is   too  viscous  will   block   the
extruder. 
2. Thixotropy (fluidity): Certain substances become less viscous under shearing forces, and
then recover their initial state after the forces have been released for a time called the
relaxation time.  The existence of such thixotropic properties is favorable for the flow of
a paste and the formation of a solid granule at the exit of a die, providing the relaxation
time is short enough.
3. Stability: Under extrusion conditions, there should be no dynamic sedimentation of the
product through exuding water and forming paste that is too viscous.
4. Homogeneity: The paste must be homogeneous to assure that the quality of the product is
constant.  When necessary, the paste is homogenized in a mixer­kneader under controlled
conditions of temperature, time, and pH.
Even for a given charge with specific properties, the operating variables are rather poorly defined
and are closely related to the type of equipment.   In general, they include: mixing time, water
content, adhesives content, paste aging and extrusion temperature.   In the case that a powder
does not have certain level of fluidity or plasticity, one can add various additives to aid the pre­
forming of pastes or microgranules such as  lubricants,  binders, peptizing agents and or pore
formers.
Formulation of high crush strength CaO­based extrudates
High   crush   strength   and   attrition   resistance   are   required   for   the   catalyst/sorbent   extrudate
materials to be able to withstand long­term operation in AER reactors. A general rule of thumb
for increasing the crush strength of metal oxide extrudates is to increase the concentration of
binder   into   the pellets,  which  is  detrimental   to  the absolute  CO2  sorption capacity  since  the
binder is an inert material in regards to CO2 absorption. Therefore an optimization of the amount
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of binder and sorbent is necessary to achieve both high physical strength of the pellets and high
capacity towards CO2 absorption.
Extensive effort was focused on the development and optimization of pelletization recipe and for
scale up of the pelletization method.  The following sets of experiments were performed.
• Evaluate various extrusion recipes with commercial CaO powders and spray­converted
powders, over 50 various experiments with die and screw extrusion
• Fine­tune the extrusion recipe by:
o Evaluation of various types of extrusion aid
o Changing the way to use the extrusion aid
o Changing the type and amount of binder
o Study the effect of paste mixing sequence
o Practice cutting equipment for the right length and dimension
• Extrude CSMP’s spray­made CaO­based powders with modified extrusion recipe, over
100 various conditions experiments
• Design of experiments based on best performing compositions
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Figure 18:  Cyclic CO2 ­ TGA of Repetitive Screw Extrusion
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A 5 Liter (IP 5 AP/T) Lab Size Batch Mixer made by B&P with a working capacity of 3.5 liters
(approx. 0.92 U.S. gallons) and 2” Lab Extruder made by the Bonnot Company were installed at
CSMP and used for the R&D extrudate optimization and low­volume production requirements.
For   the   extrudates   produced   by   various   procedures   various   characterization  methods  were
employed such as evaluation of surface area, pore volume, crush strength and CO2  absorption
testing by rapid TGA testing protocol. In most cases at least 30 carbonation and decarbonation
cycles were performed for each extrudate and initial and capacity at 30 cycles were compared. In
many cases up to 120 cycles TGA testing were done.
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The screw extrusion experiments were done initially with commercial CaO powders and assisted
in the development of original extrusion experiences with the CSMP’s spray­made CaO­based
sorbents. Over 100 batches of screw extruded paste with spray based powders were produced 
and evaluated for their properties related to use in AER reactor and for improved understanding
of the critical parameters influencing their performance and stability.    Figure 18 shows cyclic
CO2­TGA of various batches of extrudates from identical as made powders, and demonstrates the
reproducibility of CSMP’s screw extrusion operation.  Figures 19 and 20 show that for various
powder compositions, extrudates made by screw extruder have similar long­term CO2­sorption
capacities as compared with extrudates made by extrusion in laboratory scale (die extrusion),
which   verifies   that   CSMP’s   extrusion   is   scalable   without   losing   the   superior   powder
performance.
 
 
Sample Diameter Test Items 1 2 3 4 5 6 7 8 9 10 Average Deviation
L (mm) 1.88 1.67 1.93 2.27 1.96 2.22 2.83 2.33 2.29 2.63
ECM259004­1 0.06" Force (DaN) 3.03 2.12 11.11 3.92 6.29 10.49 3.70 5.28 2.61 2.01
C750 GCS (lb/mm) 3.63 2.86 12.95 3.89 7.22 10.63 2.94 5.10 2.56 1.72 5.35 3.75
L (mm) 1.83 2.53 2.21 1.25 1.74 1.60 2.18 2.23 1.80 2.02
ECM259004­2 0.05" Force (DaN) 3.69 3.70 1.51 3.33 5.61 1.80 2.53 4.07 0.75 4.38
C750 GCS (lb/mm) 4.54 3.29 1.54 5.99 7.25 2.53 2.61 4.11 0.94 4.88 3.77 2.05
L (mm) 1.99 1.93 2.27 2.03 2.37 2.54 1.94 2.19 1.98 1.88
ECM259004­3 0.04" Force (DaN) 4.07 1.15 2.05 2.28 1.20 3.35 3.23 3.20 5.28 7.34
C750 GCS (lb/mm) 4.60 1.34 2.03 2.53 1.14 2.97 3.75 3.29 6.00 8.78 3.64 1.56
L (mm) 2.17 1.44 1.53 1.77 1.40 1.54 1.92
ECM255055 0.05" Force (DaN) 2.84 5.33 5.35 9.37 3.85 5.33 5.33
C750 GCS (lb/mm) 2.94 8.33 7.87 11.91 6.19 7.79 6.25 7.32 2.71
L (mm) 1.53 1.63 1.64 1.64 1.62 1.61 1.30
ECM255055­2 0.04" Force (DaN) 3.09 3.38 6.67 3.59 7.93 5.49 3.59
C750 GCS (lb/mm) 4.54 4.67 9.15 4.93 11.01 7.67 6.21 6.88 2.50
Table 3:  Crush Strength Tests of Extrudates with different Diameters
Table   3   compares   the   crush   strength   of   extrudates   of   different   diameter   from   same   screw
extrusion batches.   There is a general trend that slightly bigger diameter extrudates have better
average strength than smaller ones.  The CO2­sorption tests showed no major difference for same
extrudates of various diameters.   These results indicate that the diameter of the extrudates may
need to be adjusted for specific project requirement, and if the crush strength and uniformity are
dominant requirement, an adjustments of the screw extruder configuration may be necessary.
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Comparison of scaled extrusion approach vs. benchmark extrudates performance.
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Figure 21:  Cyclic CO2 ­ TGA for Cao ­ Mgo: 80% ­ 20% benchmark powders and
extrudates
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Figure 22:  Cyclic CO2 ­ TGA for CaO ­ MgO: 80% ­ 20% benchmark powders and
extrudates
Screw extrusion  was  done  with  powders  with  various  compositions  and  their  CO2  capacity
compared to this of benchmark extrudates All of the original powders used in the benchmark
studies were made by CSMP’s spray conversion, followed by similar post­processing treatments.
Figures 21 and 22 compare the TGA CO2 absorption data for benchmark 
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Figure 23:  Cyclic CO2 ­ TGA for Cao ­ MgO: 80% ­ 20% powders and extrudates
produced at CSMP by screw extrusion
CaO­based powders and the extrudates made with these powders.  In one case, as shown Figure
21, the extrudates showed lower CO2 capacity during cycling than that the starting powder, while
in Figure 22,   the extrudes showed comparable performance and even higher stability  during
cycling than the starting powder.   The differences were assigned to different post processing
conditions for the powders, extrusion procedure and heat treatment profiles for the extrudates.
These   results   indicate   that   the  pelletization  procedure  can  have  a   significant   impact  on   the
performance and an effort  was made  to   identify  critical  extrusion procedure parameters and
optimize them.
Figure  23   shows  the  cyclic  CO2­sorption  of   screw extrudates  made  at  CSMP,   from similar
original powders (CaO­MgO: 80%­20%). The extrudates show slightly lower capacity than the
original powders similarly to the benchmark powders and extrudates (Figure 21).
In conclusion, screw extrusion method has been optimized and scaled up for spray­based CaO
sorbent powders. Detailed studies of various extrusion parameters led to an operation procedure
for production of large quantities of extrudates necessary for reactor testing. The overall sorption
capacity for extrudates containing sorbent powders is lower compared to that of original powders
due to addition of inert binder necessary to achieve stability and crush strength.  It was identified
that further studies are necessary to optimize the pelletization method developed for improved
performance and stability of extrudates in reactor testing.
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Optimization of scaled up formulation of sorbent extrudates.
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Figure 24:  Cyclic CO2 ­ TGA for extrudates based on CaAl2O3: 95%­5% powders
produced at CSMP by screw extrusion
High   crush   strength   and   attrition   resistance   are   required   for   the   catalyst/sorbent   extrudate
materials to be able to withstand long­term operation in AER reactors. In order to achieve this
goal, better paste mixing with suitable amount of binders, extrusion aids and water are critical.
In addition, the extrudate calcinations conditions also play important role, since the CaO­based
original   powders   are   produced   from   low­density   precursors   such   as   carbonates,   which   as
combined with  the organic/inorganic extrusion  aids  are  subject   to  continuous decomposition
upon heat treatment before and after extrusion process.
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Figure 25:  Crush strength of extrudates from powders (CaO­Al2O3: 95%­5%) calcined at
various temperatures
A study on extrudate drying and calcinations conditions was performed and it was demonstrated
that   the  CaO:Al2O3  sorbent   extrudate   drying   and   calcination   procedures   can   be   optimized
substantially over the conventional procedures without reducing crush strength or resulting CO2­
TGA performance.  The parameters analyzed were: drying procedure, calcinations procedure and
corresponding temperature profiles.  These studies were further extended to larger quantities of
extrudates   subjected   to   various   drying/calcinations   profiles.   These   study   showed   that   the
calcinations temperature has an effect on the extrudates initial crush strength and other physical
properties such as packing density and surface area, but does not affect significantly the TGA
CO2  sorption   performance.     Figures   24   and   25   show   the   effects   of   extrudate   calcination
temperature on the CO2 sorption capacity (Figure 24) and crush strength (Figure 25). The effect
of the extrudate calcinations temperature on CO2 sorption performance is negligible.  However,
there is significant impact of the calcination temperature on the extrudates initial crush strength
value, as seen in Figure 25, the higher calcinations temperature (750°C) results in lower strength
than extrudate calcinations of 600°C. 
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Figure 26:  Crush strength of extrudates after TGA CO2 cycling
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Figure 27:  SEM image of CSMP extrudate after 523 carbonation / decarbonation cycles in
the TGA CO2 testing
Further analysis of the sorption capacity and the crush strength as a function of the number of
cycles (up to 120 cycles of TGA CO2  absorption) was performed and presented in Figure 26.
During the TGA CO2 sorption cycling, both the capacity and crush strength decline significantly
for the first 20­30 cycles, but then stabilize thereafter. The crush strength is generally higher than
2 lbs/mm after 100 cycles, regardless of the specific extrudates calcination temperature. This
indicates that extrusion procedure developed provides effective ways to produce CaO­ based
sorbents that can withstand the severe thermal cycling conditions under TGA cycling model test.
The  developed extrudate   formulation  procedure  was  demonstrated   to  deliver   extrudates   that
sustain   their  mechanical   integrity  under  thermal  cycling used  in   the TGA CO2  sorption   test
experiments   as   demonstrated   in  Figure  27.    Both   spray  powder   composition   and   extrudate
formulation were established to be an important factor for the stability of the extrudates.  Further
testing in AER reactor conditions (in the presence of steam in addition to the thermal cycling)
remains   to   be   completed   for   multiple   cycles   to   establish   the   long­term   durability   of   the
developed powder and extrudate formulations. 
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Subtask 1.4: Integration of Materials for AER Reforming
 
Rh/Al2O3 Mixture CompositeCaO
1.  2.  3. 
Figure 28:  Schematic representations of the different pellet structures that will be
produced to achieve different spatial segregation of the CaO­based absorbents and steam
reforming catalyst
The  materials   developed   in  Tasks  1.1­1.3,   e.g.  CO2  sorbent   and   reforming   catalyst,   can  be
combined   in   a  number  of  different  ways   to   achieve   the  most   efficient   absorption­enhanced
reforming.   The integration of the catalysts and CO2  absorbents can be done at length scales
between mm and nm as described in Figure 28.   The work plan was targeting to maintain the
performance of   the  individual  materials  while  ensuring  that   the  materials  can be mixed and
pelletized as described above.   It was considered, that the advantages of the second and third
approaches over  the first  may be that mixing of the sorbent and reforming catalyst  powders
within each pellet can enable a much closer spatial proximity on the order of 10s to 100s of
microns.
The first approach analyzed was by combining individual pellets of Rh/Al2O3  and CaO­based
CO2 absorbent derived from the best materials from Task 1.1­1.3 with a goal of reducing the Rh
content below 0.05 wt%.  In this approach, there is no intimate contact between the catalytically
active sites and the sites of CO2 absorption, the proximity of these species being limited by their
relative concentrations and the pellet sizes.   This approach has been predominantly used in the
AER reactor testing and has been successfully demonstrated.
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Figure 29:  A comparion of the composite powders performance during multiple TGA
cycling
In the second approach (Figure 28, Part 2), the powders of the individual Rh/Al2O3  and CaO­
based CO2 absorbents were mixed and pelletized together.  This approach was demonstrated to
deliver initial performance at AER reactor conditions but further experiments were not attempted
because of lack of particular advantage.
In   the   third   approach,   the   Rh/Al2O3  and   CaO­based   absorbent   were  mixed   into   a   single
composite powder batch where these materials both occur within the same particle.  A composite
powder  material   was   prepared   by   the   spray   conversion  method   with   the   composition   of
CaO/MgO (90:10wt/wt) plus 10 wt% of Rh/Al2O3 (Rh 0.5wt% on Al2O3). TGA cycling testing
demonstrated (Figure 29) that the material has reasonable CO2 capacity and good cycle ability.
However,   the AER testing results  were not  promising and assigned  to  the  lack of sufficient
reforming activity.   This may have been caused by the catalyst phase sintering and solid­state
phase transformation and/or encapsulation of the active metal phase, or by the covering of the
reforming catalyst active sites during carbonation.   Therefore, further efforts on the integrated
materials development were focused on the development of pellets of the individual components
(sorbent and reforming catalyst).
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Subtask 1.5: Improved Carbonation/Decarbonation Kinetics
 
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
0 5000 10000 15000 20000
Time(sec)
C
aO
 re
ac
tio
n 
fra
ct
io
n 
(m
ol
%
)
Cycle 4
Cycle 20
Cycle 30
Cycle 40
Cycle 50
Cycle 60
Cycle 70
Cycle 80
Figure 30:  Carbonation / decarbonation profiles of CaO­based powder
Two materials strategies were examined as part of this task.   It has been demonstrated that the
microstructure of the CaO powders can affect the rate of decarbonation.  The increase in the rate
of decarbonation has been observed as the morphology of the sorbent powder (particle size and
porosity)   was   changed   as   result   of   the   spray   processing   conditions   (see   Figure   30).   Fast
decarbonation rates are desirable for efficient AER process.
Subtask 1.6: Integration of Water Gas Shift (WGS) Catalysts
The   initial   plan   for   this   task   was   targeting   incorporation   of   sufficient   amounts   of   high­
temperature  water   gas   shift   catalyst   to   ensure   the   conversion   rates   of  CO   to  CO2  will   be
sufficient.  After further analysis of the thermodynamics of the AER process and literature data,
it was concluded that in the AER operating conditions, the high conversion of carbon monoxide
to  hydrogen   (>   thermodynamics   equilibrium)   could  be   achieved   in   the   absence  of   a  WGS
catalyst  when one  of   the  product  products   (CO2)   is   removed  from  the   reaction  zone by   its
reaction with CaO.  This indicated that reforming and Water Gas Shift reaction /CO2 fixing can
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be   combined   in   the  AER   process   and   it   is   not   necessary   to   have   separate  WGS   catalyst
functionality.
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Task 2:  Catalyst and CO2 Absorbent Performance Testing
Subtask 2.1: Screening of Materials 
The initial screening of the new materials was done by the following methods. 
• Rh/Al2O3 reforming catalyst testing
Rh/Al2O3 materials made by different strategies were tested for their reforming activity.
CSMP conducted initial reforming activity testing for down selection of materials to be
further tested by TES in AER reactor.
• CaO­based absorbents testing
CSMP conducted extensive testing by Thermo Gravimetric Analysis (TGA) of sorbent powders
during multiple cycles of carbonation/decarbonation. Both short and long term testing protocols
were used for evaluation of the sorption capacity, kinetics and long­term durability of the sorbent
powders and extrudates.
Subtask 2.2: Short Term Cycle Tests
  
Figure 31:  Design of CO2 ­ TGA protocol
Evaluation of sorbent performance and CO2­TGA testing protocol:
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Thermo Gravimetric Analysis (TGA) equipment produced by Leco Company was used as the
major tool for fast screening of the sorbents. This TGA equipment can hold up to 19 samples and
measure the sample weight change at intervals of seconds through rotation.  Two methods were
used to measure sorbent reactivity. One is CaO molar reaction fraction (mol%), defined as the
number of mol of CaO in the sample converted into CaCO3, regardless of the presence of other
components.   Another was the CO2  absorption capacity (wt%), defined as the amount of CO2
absorbed into the sample based on the total given weight sample. They are expressed as:
• CaO reaction fraction (mol%) = Converted CaO into CaCO3/Total molar number of
CaO in the sample * 100%
• CO2 absorption capacity (wt%) = Absorbed CO2/Total weight of the sample * 100%.
The CO2­TGA testing protocol for one cycle is shown in Figure 31. A typical amount of sample
(~1.0g) was loaded into a crucible in a TGA unit and was heated from room temperature at a
ramp of ~40oC/min to 800oC under the N2  or air flow condition of 4L/min, then held at this
temperature for 30mins. It was then cooled to 600oC and held for 30mins at these conditions to
ensure stable baseline. This was followed by introduction of CO2 to start the absorption; after 3
hours the gas is switched back into N2 or air and the sample was heated up at 10oC/min from 600
to 800oC. The sample was kept at the final temperature for 4 hours, and then naturally cooled to
room   temperature.   This   process  was   repeated   until   the   appropriate   number   of   cycles  was
generated. All data points for performance evaluation were taken at/after 10,000th second.
Subtask 2.3: Long Term Cycle Tests
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Figure 32:  Design of new rapid CO2 ­ TGA testing protocol
New rapid CO2 absorption TGA testing protocol was developed to address the need to evaluate
multiple 100’s of cycles and to probe mostly the fast CO2 absorption region of the overall CO2
absorption profile, which is most relevant for the AER reactor operating conditions.  Thus, a new
TGA model testing protocol was developed to more closely reflect AER process temperature
profiles (Figure 32).
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Figure 33:  CO2 ­ TGA profile of CaO:MgO sorbent with continuous cycling testing
A typical amount of sample (~1.0g) loaded into the crucible in a TGA unit is heated from room
temperature at a ramp of ~40oC/min to 800oC under the N2 or air flow conditions of 4L/min,
then held at this temperature for 30 min. The sample is then cooled to 600°C and held at steady
condition for 30 min to ensure stable baseline. The gas is then switched into CO2  to start the
absorption, after 1 hour, the gas is switched back into N2 or air. At the same time, the sample is
heated to 10°C/min from 600°  to 800°C, and kept at the final temperature for 1.5 hr. It is then
cooled down to 600°C,  and held steady at   this   temperature  for  30 minutes   to  ensure stable
baseline, then the above procedure is repeated.   The process is highly automated and can be
performed for extended time.  The program was set up for 30 cycles before it was stopped for the
purpose of data analysis, and equipment maintenance.   At this point, the sorbent samples were
cooled down to room temperature.   Figure 33 shows the real running program and the typical
results of CaO/MgO (50:50 wt/wt) sorbent extrudate over four­cycle run. It can be seen that the
regeneration can be complete during the one and a half hour regeneration period. 
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Figure 34:  Correlation of CO2 capacity of the extrudates measured by different methods
with AER results
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Figure 35:  Correlation of CO2 capacity of the extrudates measured by different methods
with AER results
An analysis was done to evaluate if the CO2 capacity obtained in the fast absorption region by
the new TGA testing  protocol  can more accurately  reflect   the sorbent  behavior   in   the AER
process.  A series of data from CO2­TGA measurements were correlated with the limited number
of cycles by AER reactor testing, as seen in Figures 34, 35, 36.   From the comparison, it   is
evident that for some extrudates the TGA data correlate very well with AER data (Figure 34, 35),
while  others   show  larger  deviation  and surprisingly  higher  performance  in   the  AER reactor
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compared to the model testing (Figure 36).  The reasons for these discrepancies result partially
from the fact that CO2­TGA measurement conditions still do not fully match the AER process
conditions   such  as   the  presence  of   steam,  a  partial  pressure  of  CO2,  and   the   running   space
velocity.   However, the new rapid testing protocol is capable of evaluating the initial drop of
sorption capacity and is valuable method for rapid testing and prescreening of sorbent materials
before further testing in the AER reactors.
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Figure 36:  Correlation of CO2 capacity of the extrudates measured by different methods
with AER results
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Figure 37:  Long term TGA CO2 capacity of sorbent extrudates
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Therefore, the new test protocol was employed for long term recycle ability testing.  For selected
best performing extrudate compositions  (CaO/Al2O3  (90:10 wt/wt),  CaO/MgO (80:20 wt/wt),
and CaO/MgO (50:50 wt/wt). over 500 testing cycles of TGA CO2 were carried out.  The results
are shown in Figure 37. It can be seen that after an initial decline of the CO2 capacity within the
first 50 to 100 cycles, the sorbents structure stabilizes and loss of sorption capacity is minimal. 
In order to evaluate the potential loss of capacity over multiple cycles, a curve fitting based on
model consideration was conducted. The experimental data for various sorbent extrudates were
curve fitted and specific  degradation  constants  derived for  each of   the sorbent  compositions
(examples presented in Figures 38 and 39).  The results were summarized in Table 4, where the
final sorption capacity and predicted capacity after more than 4,000 cycles (equivalent of one
year reactor operation) are summarized as function of the sorbent composition.
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Figure 38:  Correlation of experimental CO2 capacity over multiple cycles and model curve
fit
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Figure 39:  Correlation of experimental CO2 capacity over multiple cycles and model curve
fit
Capacity
Sample  Current predicted (wt%)*
C2873­35­31 22.93 (500) 19.29 (1 Yr)
C3022­44­31 14.42 (396) 12.1 (1 Yr)
C2873­29­34 9.22 (500) 9.38 ( 1 Yr)
ECM224007GC750 20.51(490) 18.54 ( 1yr)
* Assuming 12 cycles per day ( total 4380 cycles)
Table 4:  Predicted CO2 capactiy after multiple cycles based on sorbent composition and
TGA experimental data for 500 cycles
Task 3:  Powder Production Scale Up 
Subtask 3.1: Scale­up Equipment Installation 
Several units of large­scale equipment were installed and commissioned for the goal of powder
and extrudate scale up.
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• Large scale spray conversion equipment capable of producing up to 5,000 kg of
sorbent powder per year. A new large scale spray processing equipment for scale
up of the sorbent production was successfully installed at CSMP during the first
quarter of 2005 and tested for reproducibility of the scaled up sorbent production.
The evaluation of material performance between the scaled up powder quantities
and the previously made sorbent formulations concluded that the sorbent powder
characteristics and performance are highly reproducible and the production of the
sorbent scaleable.
• Large scale powder post processing equipment. As part of the sorbent scale up
production   effort   at   CSMP,   a   large­scale   calciner   has   been   installed   and
commissioned during the second quarter of 2005 for the thermal treatment of the
sorbent powder.
• Large scale mixer and extruder.  The mixing  and extrusion  equipment  were
installed   and   commissioned   in   the   last   quarter   o   2004   for   production   of
developmental and large extrudate quantities.   Large­scale mixer was ordered in
the first quarter of 2005.
Subtask 3.2: Produce Catalyst for Reactors
CaO­Based Sorbent Material
Significant effort was focused on optimization of methods for scale up production of sorbent
powders and extrudates. 200 kg of sorbent powder have been produced in the third quarter of
2005 for the initial charge of the large­scale adsorption­enhanced reforming reactor.
Sorbent Powder Production: Process Scale Up
The process of large­scale production of CaO­based sorbent powder consists of dissolving the
raw materials, performing a chemical reaction and spray conversion of the precursor suspension,
followed   by   post   processing/   calcining   the   resulting   powder   to   convert   it   to   the   desired
composition.   The powder produced by this method can be further processed into pellets to be
used in a fixed bed reactor.  The final powder consists of calcium oxide and calcium carbonate.
The ratio of these components depends upon the extent of calcination.  Inert component is also
added during the precursor mixing step to produce a composite powder providing higher pellet
crush  strength  and cyclabilty.    Prior   to  producing   the   sorbent,  batch   records  containing   the
quantities of raw materials and production parameters were generated and reviewed.  The mixing
and spray conversion steps were carried out on large­scale spray conversion equipment, and the
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post­processing of the sprayed powder was done in a rotary kiln.  Batch sizes between 5kg and
9kg were produced depending upon shift length and maintenance required.   After the material
was spray processed the following characterization analyses were performed: BET surface area,
average pore volume, average pore diameter, X­Ray Diffraction (XRD), Thermo Gravametric
Analysis (TGA), Particle Size Distribution (PSD).   These results were compared with previous
materials   in   order   to   obtain   statistical   correlations   for   reproducibility   and   developmental
differences in physical powder properties and to determine the process variance.
Using the data from over 30 batches of sorbent powder, a process control charts were generated
for the following powder characteristics: particle size (d50), surface area, pore volume, and pore
diameter.  Through the use of these control charts, specifications have been put into place – if a
batch of material falls outside of the measured characteristic control limits, that powder is set
aside and does not continue further on to downstream processing steps. See an example for a
control chart on particle size distribution (Figure 40).
 
4.5
5.0
5.5
6.0
d
5
0
5
.8
5
.6
5
.8
5
.5
5
.9
5
.9
5
.4
5
.6
5
.2
5
.2
5
.3
d50
Avg=5.450
LCL=4.741
UCL=6.159
Figure 40:  Control chart for particle size measurement ­ d50 (microns)
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  Post­Processed Under Nitrogen in Rotary Kiln
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Figure 41:  CO2 TGA test data from extrudates post­processed under nitrogen (2C, 11C,
18C), "benchmark" and ECM255036, processed in air
In order  to use  the spray converted material   in   its   final  application,   it  must  undergo a post
processing or calcination step.   As part of the scale­up effort, post­processing was transitioned
from a  batch  method  to   a  Harper   rotary  kiln   (also   referred   to   as   “rotary  calciner”).    Post­
processing  was   now   carried   out   in   a   continuous  method.     This  method   facilitates   higher
throughput, as well as results in a more homogenous calcined powder.  Several extrudates were
made and  tested   to  evaluate   the  effect  of  changing   the  processing  gas   from air   to  nitrogen
atmosphere during the post processing step for sorbent powders.  In­house CO2 capacity testing
showed a slight increase in performance (Figure 41) and AER micro­reactor testing confirmed
this finding (Figure 42).
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Figure 42:  Micro­reactor AER data comparing sample used in 500 cycle reactor
demonstration (ECM255036) to two samples post­processed under nitrogen (ECM259002­
2C & ECM259011C)
After the material was post processed, the following analyses were performed: BET surface area,
Scanning Electron Microscopy (SEM), X­Ray Diffraction (XRD), Thermo Gravimetric Analysis
(TGA),   particle   size   distribution   (PSD)   and  CO2  capacity   testing.     The   results   from   these
analyses  were  compared  with  previous  batches   in  order   to  obtain  statistical   correlations   for
reproducibility and variance in physical powder properties.
Subtask 3.3: Scale­up Optimization for Integrated Materials
Extrudate Production: Process Scale Up
The  AER microscale   reactor   testing   identified   that   the   large­scale   extrudates   (ECM255036)
provided by CSMP have lower CO2  absorption capacity  compared  to  benchmark extrudates.
Further analysis of the extrudate characteristics was done to improve the performance of the
CSMP extrudates in AER reactor testing.
Investigation  of   sorbent  CO2­sorption  kinetics   in   the  TGA apparatus  was  undertaken   in   an
attempt to understand why CO2­sorbent benchmark extrudates outperform in AER reactor testing
conditions, those produced at large scale.  Specifically, benchmark materials were able to sustain
sorption reforming for longer periods of time at high H2 purity than materials produced with the
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scale up equipment and approach.   Given that these two different types of materials have very
similar  CO2  capacities  (saturation values),   it   is  believed  that   the rate  at  which CO2  sorption
occurs differs for the different materials.  Consequently, an effort was undertaken to examine the
CO2­TGA sorption kinetics to: 
• (1) Determine if   the CO2­TGA sorption kinetics  is  a viable model   test  for
predicting AER performance
• (2) Identify the production step(s) that result in poorer AER performance of
materials produced with current in­house methods
• (3)   Identify   sorbent  production   improvements,  which  will  enhance sorbent
AER performance above that achieved by benchmark materials
CO2­TGA historical data were used to evaluate the kinetics of CO2 sorption kinetics for various
materials.   The rate equation was developed assuming CO2  sorption is 1st  order in CO2  partial
pressure and CO2 sorption is rate limiting. 
dM s
dt
=k ' PCO 2MT−M s 
where,  Ms is the mass (g/g) of CO2 sorbed, normalized to sample mass (calcined)
k’ is the specific sorption rate constant for 600 °C (1/atm/s)
PCO2 is the CO2 partial pressure (atm)
MT is the max CO2 sorption capacity (g/g), normalized to sample mass (calcined)
t is time (s)
Given that after the initial purging of the CO2­TGA equipment, PCO2 is constant at 1 atm, and MT
is fixed for a given cycle, the rate equation can be solved explicitly.
M  t =MT [1−exp −k ' PCO 2 t  ]
Therefore, by plotting ln(MT­Ms) vs.  t for a given cycle (for times greater than 800 s, such that
PCO2  is constant at 1 atm), the specific rate constant,  k’, can be determined graphically.   MT is
adjusted slightly from that measured in the CO2­TGA equipment, as sorption cycles are limited
to approximately 4000 s (typically, 92–99% saturation levels are achieved in 4000 s).
e.g., 
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The   usefulness   of   the  CO2­TGA  sorption   kinetics   analysis   to   predict  AER   performance   is
demonstrated graphically below in Figure 43,  in which CO2­TGA sorption kinetics are cross
plotted with AER micro­reactor performance. 
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Figure 43:  CO2 ­ TGA sorption kinetics performance cross­plotted with AER micro­
reactor performance (functional CO2 capacity in reaction conditions)
From  these  analyses,   the conclusion  was made  that  CO2­TGA sorption  kinetics  analysis   for
extrudates   is   a   reasonable  model   test   for  predicting   sorbent   extrudate   performance   in  AER
reactor   test   conditions   and   that   further   improvement   of   the   sorption  kinetics   of   the  CSMP
extrudates is possible as result of process optimization. 
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Extrudate Drying and Calcination Study
  Calcination Temperature Study
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Figure 44:  Effect of extrudate calcination temperature on CO2 capacity (as measured by
TGA) compared to "benchmark" and ECM255036 (same batch used in 500 cycle test)
A drying and calcination study did evaluate the effect that final extrudate calcination temperature
had on extrudate performance.  It was found that calcination temperature has limited effect upon
the TGA CO2  capacity  of   the extrudates   (Figure  44).    Micro­reactor  AER testing,  however,
demonstrated that final calcination temperature may be an important factor in a sorbent’s overall
performance.  After the sorbent extrudates were dried and calcined at the selected conditions, the
following analyses were performed: Thermo Gravimetric Analysis (TGA), crush strength testing,
packing  density,  CO2  capacity   testing,   absorption  kinetic   analysis.    Figure  45  compares   the
absorption kinetics for various extrudates. 
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Figure 45:  Adsorption kinetics comparison for benchmark extrudate (C2873­35­31), recent
CSMP extruadates (post­processed under N2) (ECM259002 & 018C), and extrudate used
in 500 cycle demonstration (ECM255036)
Across the board, benchmark extrudates demonstrate faster kinetic rates than the initial CSMP
extrudates   (ECM255036).     However,   more   recent   and   optimized   CSMP   extrudates   have
improved absorption kinetics and seem to be approaching the benchmark extrudates performance
(Figure 45.).  Figure 46 illustrates that recent CSMP extrudates are producing promising data in
the AER micro­reactor tests.  Longer term AER testing, however, is required to determine if the
improvements made to CSMP extrudates will translate into increased stability and higher CO2
capacity at the 500­cycle milestone.  
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Figure 46:  AER micro­reactor data for a recent CSMP extrudate ("800C R1") compared
with a benchmark extrudates (C3022­44­3)
Subtask 3.4: Produce Catalyst for Reformer Testing 
Task was not attempted due to change in project priorities.
Subtask 3.5: Scale­up of Improved Materials– 
2 kg of optimized extrudates was produced and provided to Chevron as a final project
deliverable. 
Task 4:  Reformer Concept Testing 
Subtask 4.1:  Process Simulation
Extensive   modeling   and   simulation   work   was   performed   to   support   SSR   technology
development.    Detailed  description  of   the  work   and   results   are   presented   in   the   following
sections. 
Thermodynamic Studies
Steam methane reforming (SMR) is the most common technology to produce H2. The process
includes   steam   reforming   reaction   followed   by   water­gas­shift   (WGS)   reaction   and   PSA
purification. The steam reforming reaction is given by the equilibrium reaction:
CH4 + H2O  3H2 + CO (Reaction 1)
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Reaction   1   has   H =206.2kJ/mol   and   thus,   is   strongly   endothermic.   Effects   of   reaction
temperature and pressure on the CH4 conversion, at steam­to­carbon (S/C) ratio of 3, are shown
in Figure 47. It  is evident from the figure that,  for a given temperature, methane conversion
decreases with increasing pressure.
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Figure 47:  CH4 conversion in SMR as a function of temperature and pressure (S/C=3)
For the industrial SMR application, high pressure operation is preferred to reduce the reactor and
piping sizes. High pressure operation also reduces power consumption by compressing higher
molecular weight and smaller flow rate of natural gas as opposed to lower molecular weight and
larger flow rate of hydrogen.  However, as shown in Figure 47, extremely high temperatures are
necessary for high CH4 conversion.   For example, the CH4 conversion is only about 73% at 20
bar and 800oC. Even at lower pressure, the maximum H2 purity from the SMR is about 77% (dry
basis), as shown in Figure 48. Hydrogen purity in the reformate can be increased after the water­
gas­shift reactor, but still contains significant CO2.  
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Figure 48:  SMR H2 purity as a function of temperature and pressure (S/C=3)
SSR Principles
The  equilibrium  in  Reaction   (1)   can  be  driven   to   the   right  by  in­situ  CO2  or  H2  removal.
Numerous membrane reactor concepts have been proposed for  in­situ H2  separation; however,
these   reactors   are   either   very   expensive   (using  Pd  membrane)   or   still   in   early  R&D  stage
(ceramic membrane).  The product H2 in a membrane reaction is in the permeate side and hence,
at lower pressure. This is undesirable because of the power required to recompress H2.  
Another approach to drive the SMR equilibrium is by CO2  removal.   This can be achieved by
using CO2 adsorbents in the SMR. This process is also known as adsorption­enhanced­reforming
(AER) or   single­step   reforming   (SSR).  As   the  name signifies,  high  hydrogen purity  can  be
achieved in a single step instead of a multi­step process involving steam reforming, water­gas
shift and selective oxidation steps.  The SSR reactions include:
CH4 + H2O  3H2 + CO (Reaction 1)
CO + H2O  H2 + CO2  (Reaction 2)
CaO + CO2  CaCO3  (Reaction 3)
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Because of the Reaction 3, equilibrium in Reaction 1 and Reaction 2 are driven to the right side.
Figure 49 shows the comparison of equilibrium CH4 conversion (S/C = 3 and 1 bar) of SSR with
SMR, at different temperatures.
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Figure 49:  Comparison of CH4 conversion ­ SSR vs. SMR (S/C=3 and P=1bar)
As shown in Figure 49, SSR CH4  conversion is significantly higher than that of SMR in the
temperature range 450oC to 600oC. Above 700oC, SSR CH4 conversion is same as that of SMR
because   the  CO2  adsorption   is   not   favored   at   higher   temperatures.     Figure   50   shows   the
equilibrium gas compositions (dry basis) as a function of temperature.
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Figure 50:  SSR equilibrim gas composition (dry basis) (S/C=3 and P=1bar)
As shown in the above figure, H2  concentration can get around 98% in the temperature range
500oC  to  650oC  in   single­step   reformer   (SSR).    Above  650oC,   the  CO2  adsorption  kinetics
decreases  and  thus,  both CO and CO2  concentrations  start   to   increase.  SSR equilibrium gas
concentrations approach SMR composition at temperatures above 650oC.
Non­Equilibrium SSR thermodynamics
As explained earlier, CH4 conversion in SSR is higher because of the CO2 removal from the gas
phase to the solid phase adsorbents.   CO2  equilibrium pressure as a function of temperatures is
shown in Figure 51.
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Figure 51:  CO2 equilibrium pressure as a function of temperature
At a given temperature, CO2 absorption will be favored when the CO2 partial pressure in the gas
phase   is  higher   than   the  equilibrium pressure.  Under   favorable  conditions,  presence  of  CO2
adsorbents   in  a  SMR reaction  will  drive  the SMR equilibrium to   increase  the CH4  and CO
conversion.   On the other hand, for a given temperature, regeneration of adsorbent is favored
when the CO2 partial pressure in the gas phase is lower than the equilibrium pressure. 
It   is  well  known that   the steam reforming and the shift  reaction (Reaction 1 and 2) are  the
equilibrium driven; thus, the reforming process can be modeled as an equilibrium reactor.   CO2
adsorption or desorption reactions are driven by difference between CO2 partial pressure in the
gas phase and CO2 equilibrium pressure.   An overall equilibrium reactor assumes that both the
SMR reaction and the CO2  adsorption are in the equilibrium, which means that the gas phase
CO2 partial pressure is equal to the adsorbent CO2 equilibrium pressure.  While it is possible to
reach equilibrium in an ideal  reactor,   in practice  it   is   likely that  the reactor will  be at  non­
equilibrium conditions.  
Thus, it is necessary to study non­equilibrium CO2 adsorption. This was modeled by introducing
a CO2 removal factor, which could range from 0 to the equilibrium value.  When CO2 removal
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factor is 0, the overall reaction will be pure steam reforming (SMR) and typically, is the case
when sorbent material reached their full CO2 absorption capacity. When CO2 removal factor is at
its equilibrium value, the gas phase CO2  partial pressure is the same as the CO2  equilibrium
pressure, and this corresponds to theoretical maximum CO2  removal condition. In the practical
operation, CO2 adsorption factor will lie between these two extreme cases and can be obtained
from reactor testing.
We assumed the SSR reforming feed includes m moles of methane, steam to carbon ratio of S/C;
CH4 conversion in Reaction 1 is x; CO conversion in Reaction 2 is y; and CO2 adsorption factor
in Reaction 3 is z. After reactions (1­3), the gas phase flow rates can be expressed as:
FCH4 = m(1 ­ x);
FCO = m(x ­ y);
FH2 = 3mx + my;
FCO2 = my(1­z);
FH2O = m(S/C) – mx – my;
The species molar fractions were obtained by dividing the above flow rates by the sum of all
species flow rates. The gas phase equilibrium equations can be written as:
k1=
P2 [CO ][H 2 ]
3
[CH 4 ][H 2O ]
k2=
[CO2 ][H 2 ]
[CO ][H 2O ]
where  k1  and  k2  are  equilibrium constants  of  Reaction  1  and Reaction  2,   respectively.    By
plugging the CO2 adsorption factor, obtained from testing or an assumed value, the above two
equations can be solved to find the species flow rate and fractions in the reformate.
Figure  52   shows  the  effect  of  CO2  removal   factor  on   the  CH4  conversion.    Five  cases   are
presented; CO2 removal factors of 0%, 50%, 90%, 95% and 99%.  It should be noted that some
CO2 removal factors are not practical because of equilibrium limitation.  For example, at 700oC
and 1 bar, the equilibrium (maximum) CO2 removal factor is only 50%. 
Page 83 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
200 250 300 350 400 450 500 550 600 650 700
Temperature (C)
CH
4 
Co
nv
er
si
on
(%
)
F(CO2)=99% or
equilibrium
F(CO2)=95% or
equilibrium
F(CO2)=90% or
equilibrium
F(CO2)=50%
F(CO2)=0.
Figure 52:  Effect of CO2 removal factor on the SSR CH4 conversion (S/C=3 and
P=1.013bar)
As can be seen in Figure 52, CO2 removal factor has major impact on CH4 conversion. H2 purity
also increases with CO2 removal factor. Figure 53 shows the effect of CO2 removal factor on H2
purity. As shown in Figure 53, H2 purity can reach about 90% when 90% CO2 is adsorbed. 
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Figure 53:  Effect of CO2 removal factor on H2 concentration (S/C=3 and P=1.013bar)
For a given system pressure, an optimum reforming temperature exists to maximize hydrogen
purity after the methanator. The effect of system pressure on optimum reforming temperature,
and corresponding hydrogen purity and methane conversion are shown in Figure 54. 
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Figure 54:  Effect pressure on SSR at optimum temperature of operation (S/C=3)
Figure 55 shows methane conversion in SSR, at S/C of 3 and temperature of 600oC, as a function
of pressure.  Higher pressure requires higher CO2 removal factor to reach the equilibrium. This is
because, for a given temperature, equilibrium CO2 pressure is constant. So the equilibrium mole
fraction of CO2  decreases with increasing pressure and hence, more CO2 has to be removed to
obtain this equilibrium. Also higher the SSR reforming pressure, lower the H2  concentration.
Figure 56 shows the effect of CO2 removal factor on H2 concentration at different pressures. The
figure illustrates that it is better to operate SSR at low pressures.  
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Figure 55:  Effect of CO2 removal factor on the SSR CH4 conversion (S/C=3, T=600oC)
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Figure 56:  Effect of CO2 removal factor on H2 concentration (S/C=3, T=600oC)
SSR Reactor Dynamic Modeling
The reforming and regeneration reactions in a fixed­bed SSR reactor are dynamic processes.
Steam­methane reforming is an endothermic process, and shift reaction is slightly exothermic;
while CO2  adsorption is exothermic and CO2  desorption is endothermic.   The extent of these
reactions will  affect  the bed temperature and vice­versa.  The reactor also has heat  and mass
transfer between the gas phase and the packed bed solid phase of adsorbents and catalysts.  
Several questions arise in designing for SSR process, such as
• During the SMR and the carbonation process, how long can the hydrogen concentration
stay above the desired value?
• How long will be the regeneration process?
• What   are   the   optimum   inlet   conditions   for   the   SMR   and   carbonation,   such   as
temperature, pressure, S/C ratio?
• What regeneration method should be used, e.g. high temperature steam or combustion
gas? What flow rate and temperature should be?
• Which reactor design scheme is better, the segmented mixed bed or a single bed?
• Which thermal management scheme is better?
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• How these design schemes affect the system efficiency?
Since the SSR process is inherently dynamic, we used dynamic modeling to address all the above
questions.
Theoretical Model
We developed   a   non­isothermal,   non­adiabatic,   and  non­isobaric   theoretical  model   for  SSR
process. It was used to describe all processes that could happen in the reactor, including steam–
methane reforming (SMR), adsorption­enhanced reforming (AER), combustion gas and steam
regeneration, in­situ catalyst combustion regeneration, steam or air cooling and purge processes.
The following were the assumptions/basis for the model:
(1) The  gas  phase   flow was   represented  by  a  plug­flow model.  Change  of   flow due   to
sorption and reactions, as determined by the overall material balance, was incorporated in
the model. The gas thermal properties were used from the RKS­BM model in Aspen®
Properties.
(2) The sorption­bed was described by an energy balance equation.   Thermal conduction,
convection  between   the  gas  phase  and   the   solid   phase,   and   the  CO2  adsorption  and
desorption heat were included in the energy balance equation.
(3) Convection heat transfer exists between the gas phase and the solid phase.
(4) CO2 convection mass transfer exists between the gas phase and the solid phase.
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(5) Seven components, CH4, H2, CO2, CO, O2, N2 and H2O, were assumed to be present in the
model.     Same  model   was   used   to   simulate   various   processes   including   reforming,
regeneration and combustion and cooling steps. 
From the above assumptions, we derived the following governing equations.  The first governing
equation was the gas phase overall mass balance with the assumption of no gas holdup:
∂F
∂ x
=RCO
2
(1)
Where: F ­  gas phase mass flux.
RCO2 ­ CO2 adsorption and
desorption rates.
The gas phase species balance was written as
∂Ci
∂ t
=−
∂ vC i 
∂ x
−∑ Ri
(2)
Where: I ­  species including CH4, H2, CO2, CO, O2, N2 and H2O
Ri ­  chemical reaction including adsorption and desorption
 ­   porosity of the packed bed
v ­  velocity
C ­  molar concentration of gas species
t ­  time 
x ­  reactor bed length.
The gas phase energy balance equation was expressed as
  ∂E
∂ t
=−
∂ FH 
∂ x
Q˙R−Qs−QHE (3)
Where: E ­  internal energy
H ­  enthalpy
QR ­  reaction heat
Qs ­  heat transferred between the gas phase and the solid phase
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QHE ­  all heat transferred between the gas and the environment, such as the heat
loss from reactor vessel or heat exchange between the gas and heat exchangers if
present
The solid phase energy balance equation was
 
CP
∂T s
∂ t
= eff
∂2T s
∂ x2
QadQs
(4)
Where: Qad ­  CO2 adsorption/desorption heat, it has positive value when CO2 is
adsorbed and negative value when CO2 is desorbed
Ts ­  bed temperature
 ­   bed density
CP ­  bed specific heat;
eff ­   bed thermal conductivity.
The heat transfer between the gas phase and the solid phase was
Qs=hA T−T s  (5)
Where: h ­  heat transfer coefficient in the packed bed
A ­  specific surface area (m2/m3)
Reaction Kinetics Model
The three main chemical reactions in the steam­methane reforming process were
described by the following equations ([Xu and Froment 1989]):
CH4H 2OCO3H2
CH42H 2OCO24H2
COH 2OCO2H 2
The reaction kinetic model of Xu and Froment was written as
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RI=
k1
PH
2
2.5 PCH 4PH2O−PH23 PCOK I / DEN 2  
RII=
k2
PH
2
3.5 PCH 4PH2O2 −PH24 PCO2K II / DEN 2
RIII=
k3
PH
2
PCOPH2O−PH2PCO2K III / DEN 2
DEN=1KCO PCOKH
2
PH
2
KCH
4
PCH
4
KH
2O
PH
2
O¿PH
2
where, k1, k2, k3 ­  rate constants of reactions
KI, KII and KIII ­  equilibrium constants;
Ki ­  adsorption constant for component i.
CO2 Carbonation and calcinations reactions were
CaOCO2CaCO3
CaCO3CaOCO2
The carbonation kinematics was described using the following equation (Garcia­Labiano et al.)
r C=kC A 1− 1−PCO2Peq 
Peq=4 .137×10
12 exp −20474T  .
Where: kC ­  chemical reaction rate constant.
 ­   fraction of active sites;
Peq ­  equilibrium CO2 partial pressure; 
Numerical Method
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The   above   governing   equations  were   solved   using  Aspen©  Custom  Modeler   (ACM)   as   a
platform.     The   Finite   difference  method  was   used   to   discretize   the   differential   governing
equations.  The integration and nonlinear solver in ACM solves the governing equations by the
Variable Step Implicit Euler and the Newton iteration method respectively.
The numerical method was verified by total mass balance, gas phase energy balance, solid phase
energy balance, and gas and solid system energy balance.  We also verified that number of nodes
does not affect the simulation results.
Comparison of Model Results with Test Data
The theoretical model was verified with experimental tests.    Figure 57 shows an example of
model data compared to the test data.   In this example, the mixture of N2 and CO2 was used to
test the carbonation kinetics, and N2 was used for the regeneration sweeping gas. The purpose of
using  N2  and  CO2  mixture  was   to   verify   the  CO2  adsorption   kinetics   in   a  well   controlled
environment.
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Figure 57:  Comparison of model results with test data
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As shown in the Figure 57, CO2 and N2 mixture was introduced into a microreactor for the CO2
adsorption test.  Initially, CO2 concentration in the exhaust gas was low due to absorption. With
time, CaO gets converted to CaCO3 and the CO2 absorption decreases. So the CO2 concentration
increases in the exhaust gas.  In this experiment, after 1 h, the exhaust gas CO2 concentration was
very close to that of the inlet mixture indicating absence of CO2 absorption.   After 1.68 h, the
inlet mixture was switched to pure N2 and the microreactor temperature was ramped to 850oC.
The  sorbent  materials   started   regeneration  by   releasing  CO2.    The  CO2  concentration  keeps
decreasing until almost all CO2 is desorbed. The experimental conditions were modeled and the
model results agree well with the test data, as shown in Figure 57, validating the model and CO2
adsorption/desorption kinetics.
SSR Reforming Reactor­ Base Case Simulation Results
Our base case included three processes: reforming, regeneration and cooling. We assumed the
reforming and regeneration will take 1hr each, and the cooling will take 0.5hr. The base case
reactor operating conditions are listed in Table 5.
Parameters Units Values
Reactor Length m 0.75
Reactor Diameter m 0.25
Catalyst and adsorbent bulk density kg/m3 700
Catalyst and adsorbent specific area m2/m3 944
Catalyst and adsorbent specific heat kJ/kg/K 1.028
Catalyst and adsorbent thermal conductivity W/m/K 10
Catalyst and adsorbent void fraction 0.434
Reforming feed (3:1 Steam to Carbon) flow rate kmol/hr 0.2688
Reforming feed (3:1 Steam to Carbon) temperature oC 600
Reforming time hr 1
Regeneration flow rate kmol/hr 2.948 
Regeneration flow temperature oC 850
Regeneration time hr 1
Cooling flow rate (air) kmol/hr 2.948
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Cooling flow temperature oC 25
Cooling time hr 0.5
Table 5:  Base case reactor and flow conditions
Since we used a  distributed dynamic model,  our  model  can predict   the operating parameter
profiles along the reactor and their changes with time. 
Reforming Results
Figure  58   (a­d)   shows   the   reforming  gas  molar   fraction  profile   at   time   t=0.25hr,   t=0.50hr,
t=0.75hr and t=1hr. 
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Figure 58:  Reforming gas molar fraction at different times
As shown in Figure 58, at each time period, CH4 and H2O concentrations decrease and H2, CO
and  CO2  concentrations   increase   along   the   reactor.     The  CO   and  CO2  concentrations   are
relatively low compared to a SMR process due to CO2 adsorption. Figure 59 shows the change in
reforming outlet gas molar fraction with time. It should be noted that the gas molar fractions
presented in the figure are based on “wet” conditions, i.e. include steam in the calculation.  
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Figure 59:  Reformate gas molar fraction (wet basis) with time
As evident from Figure 59, H2 molar fraction is high and stable initially but decreases with time.
On the other hand, CH4 concentration increases with time; while CO2 and CO molar fractions are
relatively low.   The decrease in H2  concentration with time is due to lower CH4  conversion,
which in turn is driven by CO2 absorption.
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Figure 60 shows a typical reforming gas and solid temperature profile in the reactor at t=0.5hr.
The gas temperature drops rapidly at the inlet of the reactor, which is due to fast and highly
endothermic steam reforming reaction. After the initial temperature drop, the gas temperature
increases due to the heat release from CO2 absorption in the packed bed.  The heat released from
CO2 absorption provides most of the heat required by the endothermic steam reforming and the
overall process is slightly endothermic.  It can be seen that the gas temperature is very close to
the bed temperature after the reactor entrance. This is attributed to the assumption of good heat
exchange between the gas and the bed due to high surface area to volume ratio in the packed bed.
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Figure 60:  Gas and solid temperature profile in the SSR reforming reactor (t=0.15hr)
Figure 61 shows temperature­time profile at various positions along the length of the bed.   We
used 36  nodes   in   the  simulation,  and T(1)   represents   the   reactor   inlet,  T(36)   represents   the
reactor  outlet  and  others  are   linearly  distributed   in   the   reactor   (number   represents   the  node
number). 
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Figure 61:  Gas temperature profiles during the reforming process
Reactor inlet temperature, measured by T(1), shows a slight increase and then decreases to SMR
equilibrium temperature. This is attributed to dominant steam reforming reaction at the inlet due
to material reaching its capacity quickly. On the other hand, the temperature at the end of the
packed bed increases early in the reforming step due to a dominant CO2 adsorption. However,
the temperatures eventually will drop due to decrease in absorption capacity of the sorbent. So,
the overall bed temperature will decrease with time. The decreasing bed temperature will lower
the   equilibrium  constant   for   steam   reforming   as   steam  reforming   is   strongly  dependent   on
temperature. This, in turn, will reduce hydrogen concentration and decrease methane conversion.
Figure 62 shows the CaO and CaCO3 molar fraction profile in the reactor at the end of reforming
step.  The CaO molar fraction at the front part of reactor is zero indicating complete utilization of
the sorbent. The sorbent material at x>0.45m still has unconverted CaO, but is not of use as the
hydrogen concentration is below 90% (dry basis). In effect, though the maximum CO2 capacity
of the material may be high, the useful CO2 absorption capacity of the material is the kinetically
fast portion that results in hydrogen concentration >90%.
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Figure 62:  CaO and CaCO3 molar fraction profile at the end of reforming step
Figure 63 shows the CO2 adsorption rate at selected reactor positions as a function of time. As
can be seen from the figure, all sections of the bed show considerable activity in the early part of
reforming step. We can also observe that a front with high rate of absorption progresses through
the bed. At the end of reforming step, most parts of the beds have very low activity. 
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Figure 63:  CO2 adsorption reaction rates with the time
Regeneration Results
When H2 concentration decreases below 90%, the SSR bed is regenerated.   Usually, the bed is
regenerated at higher temperatures (>800oC) to improve CaCO3 calcination kinetics.   Also, the
regeneration  step needs   to  be  slightly   shorter   than   the   reforming  time.  Typical   regeneration
methods   are   steam   regeneration,   combustion   gas   regeneration,   and  in­situ  combustion
regeneration. The regeneration heat load includes the bed sensible heat and the CO2 desorption
heat. In this section, we have presented results from combustion gas regeneration.
Figure 64 shows the gas temperature profile as a function of time.  At a bed temperature around
700oC, the CaCO3 calcination kinetics allow regeneration of most of the CaCO3. The rate of heat
supply determines the regeneration time.  In early part of regeneration, the heat from the burner
exhaust is used to heat the bed to regeneration temperatures. Once a section of the bed reaches
regeneration   temperature,   most   of   the   heat   is   used   for   CO2  desorption.   After   section   is
regenerated, the heat is used to further raise the bed temperature and hence, shows rapid increase
in temperature. After 1.94 h, all gas temperatures will be higher than 800oC.
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Figure 64:  Gas temperature profiles during regeneration process
Similar to the absorption rate profile, the gas temperature profile also shows a temperature front
progressing   through   the  bed.  This   characteristic   is   also  observed   in  desorption   rate   profile,
shown in Figure 65. The positive reaction rate means that CO2 is absorbed in the bed, while the
negative reaction rates represents CO2 desorption.   It is clear that after the entrance part of the
bed is fully regenerated, the front moves to the next segment, until this segment is also fully
regenerated. Eventually, the regeneration front will move to the end of the reactor and is the end
of regeneration step.  It is worth noting that some CO2 is adsorbed at the end of the reactor at the
beginning regeneration step. This is due to CO2  present in the combustion exhaust and lower
temperatures at the end of the reactor being favorable for adsorption. 
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Figure 65:  CO2 desorption rates with time
Figure 66 shows CO2 concentration in the regeneration exhaust stream. Early in the regeneration
step, CO2  concentration increases reflecting the time required to heat the bed from reforming
temperature (<600oC) to regeneration temperature (700oC). The flat portion of the curve is the
stage where heat is consumed to regenerate the bed. After 1.8 h, the CO2 molar fraction starts to
drop and more heat is transferred from the gas phase to heat the bed to higher temperature.  After
2 h, CO2  concentration in the flue gas is equal to that of the input. At this point,  the bed is
considered fully regenerated.
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Figure 66:  CO2 concentration in flue gas during regeneration
SSR Regeneration Scheme Comparisons
As described earlier, numerous schemes can be used for regenerating the bed. In this section, we
will compare three SSR regenerations schemes, i.e., the steam regeneration, the combustion gas
regeneration,  and   the   two­step   regeneration.  The  two­step   regeneration  uses  combustion  gas
regeneration followed by steam regeneration.    The selection of  the regeneration scheme will
affect   the system process  integration,   regeneration  time and system efficiency.  The dynamic
model was used to compare the different regeneration schemes.
The assumptions for this analysis were:
(1) Starting bed temperature of 600oC 
(2) S/C of 3 for reforming step
(3) 10 kg/day H2 production capacity
(4) Reforming step is stopped and regeneration is triggered when H2  dry concentration is
<90%; average bed temperature is 523oC at this point
(5) Regeneration flow rate of 2.95 kmol/hr ­ combustion flue gas or pure steam depending on
the scheme
(6) Inlet flue gas temperature during regeneration is 850oC
(7) Adiabatic reactor
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Figure 67 shows the effluent temperatures as a function of time. Here, “steam” represents steam
regeneration,   “combustion”   represents   combustion   flue   gas   regeneration,   and   “two­step”
represents combustion flue gas regeneration followed by the steam regeneration.  In all   three
cases, the regeneration flow rates were assumed to be 2.95kmol/hr. In two­step regeneration,
combustion gas regeneration switches to steam regeneration once effluent temperature reaches
750oC. “Steam2” also stands for steam regeneration, but with lower flow rate (2.377kmol/hr). At
this flow rate, steam has the same heat content (MCP) as combustion gas (2.95kmol/hr).  
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Figure 67:  Effluent temperature with three regeneration schemes
As shown in Figure 67, the steam regeneration is the quickest of the three regeneration schemes.
Two major reasons contribute to this result.  First,   in combustion gas regeneration some CO2
from the exhaust stream will be absorbed by the sorbent material in early part of regeneration
step. This problem does not exist in steam regeneration and hence, does not require the extra
energy and time as in combustion gas regeneration. Second, for a given flow rate and ∆T  across
the bed, heat content (MCP) of steam is higher than the combustion gas for the same molar flow
rate,  so steam can transfer more energy  to regenerate  the bed.  For  the same reason, steam2
regeneration method takes longer to complete the regeneration step. Our results show only a
small advantage in using two­step regeneration over the combustion gas regeneration. 
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Figure 68 shows the total CO2 adsorption/desorption with time. While adsorption and desorption
may occur at different bed locations at same time, the positive values in the chart represent net
CO2  adsorption  and  the negative  values   represent  net  CO2  desorption.     It   is  evident   that   in
combustion  gas   regeneration   some net  CO2  is   adsorbed  in   early  part  of   regeneration.    The
quicker steam regeneration is due to larger heat content (MCP).  When same heat content (MCP)
is used in steam and combustion gas regeneration, the regeneration rates are very close. In all, it
can be concluded that the total rate of heat supply is limits the regeneration time.
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Figure 68:  CO2 adsorption/desorption with three regeneration schemes
Figure 69 shows the effect of heat and mass transfer limitations on CaCO3 regeneration time.  On
one extreme, we assumed that CO2 mass transfer from the bed to the gas limits the regeneration,
which could be due to low effective mass transfer coefficient or low CaCO3 calcination kinetics.
On the other extreme, we assumed that the heat transfer between the gas and the bed limits the
regeneration. When the regeneration is mass transfer or kinetics limited, the bed is temperature
rises more rapidly.   On the other hand, when the regeneration is heat­transfer limited, the bed
temperature rises slowly.  Majority of the heat supplied by the regeneration stream is used for the
CaCO3 decomposition and the balance of the heat is used to increase the bed temperature. The
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curves   between   the  mass   transfer   and   the   heat   transfer   limits   have   higher   mass   transfer
coefficient than the mass transfer limit case.
Although the curves have different shapes, it is interesting to note that the effluent temperature
will reach 800OC about the same time in all the cases. Again, it shows that the total heat provided
by the regeneration stream determines regeneration time.
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Figure 69:  Effect of heat and mass transfer on CaCO3 decomposition
Steam Recycle Regeneration
Using high temperature steam to regenerate the CaCO3 bed has the advantage of producing pure
CO2  and has the potential for CO2  sequestration. But, the thermal efficiency is lower than the
combustion gas regeneration because the latent heat of water cannot be fully recovered from
steam.  We studied steam recycle as a method to reduce the steam consumption.
In this method, a fraction of the steam regeneration effluent is recycled and mixed with fresh
steam for the regeneration feed. Using the steam recycle can reduce the steam consumption,
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however, CO2 will be present in the regeneration stream feed and this limits the extent of steam
recycle.
Figure   70   shows   the   regeneration   flue   temperatures   with   different   recycle   ratios.   The
regeneration   temperature   plateau   increases  with   the   increasing   steam   recycle   ratio.   This   is
because the CO2 partial pressure increases in the regeneration feed with higher recycle ratios. So
higher bed temperatures are required to keep the CO2  desorption equilibrium pressure higher
than the regeneration feed CO2  partial pressure.   As seen from the figure, 50% recycle ratio
almost takes the same time as 0% recycle to reach effluent temperature of 800oC, which is an
indication that the bed has been fully regenerated.  On the other hand, recycle ratio of 80% will
take longer time to reach 800oC.
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Figure 70:  Regeneration effluent temperatures at different steam recycle ratios
Figure 71 shows the CO2 adsorption and desorption rates with time for different steam recycle
ratios.  Again, it is easy to see that 50% steam recycle ratio can regenerate the bed in the same
time as 0% recycle ratio, while 80% recycle takes a longer time.
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Figure 71:  CO2 adsorption/desorption rates for different steam recycle ratios
Vacuum Steam Regeneration
When the regeneration gas has lower CO2  partial pressure, the concentration gradient for the
mass transfer is higher.  Thus, the regeneration time can be decreased if the mass transfer is the
dominating factor for the regeneration. One way to decrease the gas phase CO2 partial pressure is
to use the vacuum steam regeneration. 
Figure 72 shows the SSR reactor effluent temperature changes as a function of regeneration total
pressure. The reforming pressure is assumed to be the same in all the cases. Lower pressure leads
to lower regeneration temperature plateau, resulting in more net heat transfer from the gas phase
to the solid, for a given regeneration flow rate and temperature. As can be seen from Figure 72,
the regeneration time (the time for the temperature to reach 800oC) at 0.4 bar is 0.1 h faster than
that at 1 bar.  
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Figure 72:  SSR reactor effluent temperatures with regeneration under vacuum pressures
Figure 73 shows the CO2  adsorption and desorption rates under different regeneration vacuum
pressures. The maximum regeneration rate (CO2 desorption rates) at 0.4 bar is higher than that at
other pressures. However, regeneration time at 0.4 bar is only slightly smaller than that at other
pressures, showing that the total heat transfer capacity of the regeneration gas determines the
regeneration time.
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Figure 73:  CO2 adsorption and desorption rates with different regeneration vacuum
pressures
SSR Reactor Cooling ­ Base Case Simulation results
The   SSR   bed   will   be   at   high   temperature   (>800oC)   after   full   regeneration.   At   this   high
temperature, CO2 absorption is not favored and hence, not an optimum condition for SSR. So an
intermediate  cooling step is  necessary to  bring the  temperature down to optimum reforming
conditions.
Air  was  assumed  to  be   the  cooling  stream.  As  CO2 concentration   in  air   in  very   low,  CO2
adsorption during cooling is insignificant.   Thus, the process is gas­solid heat transfer without
any chemical reactions.  Figure 74 shows the gas temperature profile as a function of time during
the cooling process. As seen from the figure, the entrance part of the bed cools down to inlet air
temperature in 0.1 h, while the end of the bed takes about 0.5 h.  In a system, we do not have to
cool the bed to room temperature, and the result presented in the figure is just an illustration of
the bed and gas temperature behaviors during the cooling process.
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Figure 74:  Gas temperature profile during cooling step
Co­flow cooling & reforming step
Figure 75 shows a typical SSR cycle, which consists of a regeneration step, cooling step and a
reforming step.  All inlet flows are in the same direction. 
Figure 75:  A typical SSR cycle
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As mentioned before, the bed temperatures at the end of regeneration step are about 850oC. We
assumed a  stream with   inlet   temperature  of  600oC to  cool   the  bed.      Figure  76   shows  the
temperature profile after the cooling step. At the end of cooling step, inlet part of bed is cooled
down to the inlet stream temperature, while the end of bed is still at 740oC.   The cooling step
could continue till all of the bed is close to 600oC, but it will increase the cycle time and is not
the optimum in terms of recovering some of the bed heat in the reforming step.
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Figure 76:  Temperature profile after co­flow cooling step
The reforming step follows the cooling step. We studied two cases for the reforming step: first,
reforming flow in the same direction as regeneration and cooling flows (referred to as co­flow);
second, reforming flow is  opposite   in direction to regeneration cooling flows (referred to  as
reverse flow).
Figure 77 shows the reactor effluent temperature as function of time, for co­flow and reverse
flow reforming cases. In the figure, we focus on the second reforming cycle, t > 1.8 h.   The
effluent temperature in co­flow decreases continuously from 700oC to 570oC. In reverse flow
effluent temperature initially increases and then decreases, similar to the co­flow case.
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Figure 77:  Reactor effluent temperature co­flow and reverse flow reforming
Figure 78 shows the H2  concentration with time, corresponding to Figure 77, for co­flow and
reverse flow reforming cases.   Although reverse flow has higher initial H2  concentration, the
average of H2 concentration is almost same in both cases.
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Figure 78:  H2 concentration for co­flow and reverse flow reforming cases
Reverse flow cooling & reforming step
Another way to implement the inter­step cooling is to use reverse flow for the cooling stream, as
compared to regeneration flow direction. The flow configuration is shown in Figure 79. The
reforming and the regeneration flow is assumed to be in the same direction but cooling flow is
assumed to be in the opposite direction. 
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Figure 79:  Reverse cooling flow configuration
Optimum temperature  profile  with  reverse flow cooling  is  established  in  a  shorter   time and
hence, shortens the cooling step. After a quick cooling process, the left side (refer to Figure 74)
of the bed is close to the regeneration temperature (850oC), while the right side of the bed will be
close to the cooling flow inlet temperature. 
Figure 80 shows the bed temperature profile after reverse cooling process (0.1 h), for different
inlet flow temperatures. When the reforming process starts subsequent to cooling, the high bed
temperature on the left side of the bed provides extra favors steam reforming; and the relatively
low temperature on the right side of the bed is more favorable for the CO2 adsorption.  This helps
with high methane conversion and high CO2  adsorption efficiency, and results  in higher and
more uniform hydrogen purity over the reforming cycle.
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Figure 80:  Bed temperature profile after reverse flow cooling
Figure 81 shows the simulation results of hydrogen purity after the methanator with different bed
temperature gradients (refer to Figure 80). It is evident that the hydrogen purity is highest when
low temperature (200oC) reverse flow cooling is used.  
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Figure 81:  H2 concentration with different reverse flow cooling inlet temperatures
Effect of Prereformer on Single Step Reforming
Figure 59 shows a typical H2 concentration profile as function of time. As can be seen from the
figure, the H2  concentration reduces significantly after 0.4 h. At the same time, CO and CO2
concentration increase only slightly, compared to relatively large increase in CH4 concentration.
This is due to decrease in methane conversion resulting from low bed temperature.
Two major   reactions   in  a  SSR reforming  reactor  are SMR and CO2  adsorption.    The SMR
reaction is endothermic (∆H=206kJ/mol) and CO2 adsorption is exothermic (∆H=­178.3kJ/mol).
Thus, the overall reaction is slightly endothermic.  From Figure 50, we can see that the optimum
temperature for reforming in SSR is between 550oC to 600oC. Too high a temperature leads to
less effective CO2 adsorption, while too low a temperature leads to low CH4 conversion. Besides
the SMR reaction and CO2 adsorption, two factors that contribute to the total heat balance are the
bed temperature at the start of reforming and the reforming feed temperature. 
Therefore,   SSR   heat   balance   equation   includes   sensible   heat   of   the   bed,   heat   content   of
reforming feed stream, heat of reaction for SMR and heat of reaction for CO2  adsorption and
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heat content in the reformate stream. If we assume a reforming feed temperature and uniform bed
temperature of 600oC, heat balance will not be satisfied and leads to a lower overall temperature.
This causes a quick decrease in H2 concentration after t>0.5 h. 
Different options for improving the heat balance in the system are: (1) a heated prereformer; (2)
higher   inlet   temperatures   without   prereformer;   and   (3)   higher   inlet   temperatures   with
prereformer. Figure 82 represents all the options in a single scheme.
Feed Heater Prereformer Prereformer Reformate 
Heater
SSR Reactor
Figure 82:  Scheme to improve heat balance in SSR
Heated Pre­reformer
Figure 83 shows the effects  of CH4  conversion in  the prereformer on H2 purity  in  the SSR
reformate. It is shown that H2 purity at CH4 conversion of 10% in the performer is higher than
other cases presented, indicating the optimum CH4 conversion in the prereformer.
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Figure 83:  H2 purity as a function of CH4 conversions in the prereformer
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Effect of Higher Feed Temperature
Figure 84 shows end of period and average H2 concentrations (dry basis), after 1h reforming (end
of reforming step), as a function of inlet temperatures. This simulation assumed the bed starting
temperatures of 625oC and S/C of 3.5.  Compared to the base case results with feed temperature
of 600oC, higher feed temperatures result   in higher H2  concentration.    Maximum average H2
concentration occurs at feed temperatures between 680oC to 700oC and hence, the optimum inlet
temperature for the reforming step. 
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Figure 84:  H2 concentration as a function of feed temperatures; initial Tbed=625oC and
S/C=3.5
Effect of Higher Feed Temperature and Pre­reformer
Figure 85 shows the H2  concentration (dry basis) as a function of initial bed temperatures at
reforming inlet  temperature of 690oC, pre­reformer heat power of 0.35kW and S/C of 3.5. It
shows that the average H2  concentration is maximum when initial bed temperatures is 575oC.
The initial low bed temperatures are favorable for the CO2 adsorption. Higher feed temperature
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and heating power helps with methane conversion. Combinations of these two factors lead to
higher average H2 molar fraction.
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Figure 85:  H2 concentration (dry basis) as a function of initial bed temperature; Inlet
T=690oC, pre­reformer heat power Q=0.35kW and S/C=3.5
From analyses presented above, it can be concluded that: 
(1) The optimum feed temperatures to obtain sustainable high H2 concentration depends on
the SSR reforming heat balance.
(2) The   heat   balance   factors   include   the   reforming   feed   temperature,   the   initial   bed
temperature,   the  SMR conversion,   the  water­gas­shift  conversion  and  the  CO2  fixing
efficiency.
(3) Different optimum feed temperatures exist for different initial bed temperatures.
Subtask 4.2:  Efficiency Analysis
Process and System Modeling
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The goal of process and system modeling work is  to find the highest possible efficiency by
optimizing   the   thermal   integration  scheme and operating  conditions.      A  typical  SSR cycle
includes a reforming process, a regeneration process and inter­step cooling process.
For the reforming process, the operating parameters that can affect the system efficiency include
operating   pressure,   operating   temperature,   steam­to­carbon   ratio   (S/C),   and  CO2  adsorbents
properties, including density, specific heat, CO2  adsorption capacity, porosity and specific area
(the surface area to the volume ratio).   These parameters also affect the hydrogen purity, CH4
conversion, and CO and CO2 concentration.   In the process and system modeling, we used the
non­equilibrium model introduced earlier to simulate the reforming reaction.
For the regeneration process and for the overall process, the regeneration method is the dominant
factor  in determining overall  system efficiency.   The regeneration methods that we explored
include steam regeneration, combustion gas regeneration and in­situ combustion regeneration.
For the cooling process, the goal is to have the adsorbent bed at optimum temperature for CO2
absorption and SMR at same time.
To accomplish the above process and system modeling task, we used Aspen Custom Modeler®
(ACM).   ACM is necessary here because it can conveniently incorporate the non­equilibrium
reforming reactor. 
Process and System Design
The  packed  bed   in   the  SSR  reactor  has  CO2  adsorbents   and   reforming  catalyst.    The  CaO
adsorbents in the packed bed adsorb CO2.  After the bed is full, the adsorbent is regenerated prior
to next reforming cycle.  Between the regeneration and reforming steps, the bed is cooled from
regeneration temperature to reforming temperature. Thus, the packed bed SSR is a cyclic process
which involves the reforming, the regeneration and the cooling.  
Figure 86 shows the flow diagram for a one reactor/modular system. This system will cycle
between reforming and regeneration modes.   The advantage of this system is that it  requires
fewer high temperature valves and system components.  The disadvantage is that the thermal
efficiency   is  not  as  high  as   in   a   two­reactor   system.     If  only  one  modular   reactor   is  used,
hydrogen storage is required for continuous H2  supply. This system is used as a base case for
comparing the relative advantages/disadvantages of different regeneration schemes. 
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Figure 86:  Modular/single reactor system for combustion gas regeneration
Regeneration Methods Comparisons
Combustion gas regeneration is shown in Figure 86. Figure 87 shows the steam regeneration
method. The advantage of steam regeneration is the pure CO2  generation and its potential to
sequester CO2 for large H2 plants. 
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Figure 87:  Modular/single reactor system for steam regeneration
We also studied the hybrid (combustion gas followed by steam) approach to regenerate the bed.
The flow diagram for the hybrid regeneration is similar to Figure 87.   The only difference, in
hybrid regeneration, is that reforming burner and steam boiler are used in the regeneration mode.
The results from system analysis are shown in Table 6.  The reforming operating conditions were
assumed to be the same.   Methanator was not included in  this  model.  Thermal efficiency is
defined as H2  heating value divided by the total CH4  heating value (including CH4  feed to the
process, reforming burner and regeneration burner). Thermal efficiency calculation takes credit
for any unconverted CH4 and CO heating value in the reformate.
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Parameters Units
Steam
Regeneration
Hybrid
Regeneration
Combustion
Regeneration 
Reform feed H2O flow kmol/hr 2.016 2.016 2.016
Reform feed NG flow kmol/hr 0.672 0.672 0.672
Reform NG Fuel flow kmol/hr 0.126 0.126 0.126
Reform Air flow kmol/hr 5.7 5.7 5.7
Reform Air Compressor P bar 1.2 1.2 1.2
Regen NG flow kmol/hr 0.848 0.300 0.210
Regen Air flow kmol/hr 25 25.2 28
Regen Air Compressor P bar 1.4 1.4 1.4
Regen H2O flow kmol/hr 28 2.016 0
H2 flow in reformate kmol/hr 2.444 2.444 2.444
CH4 flow in reformate kmol/hr 0.058 0.058 0.058
CO flow in reformate kmol/hr 0.013 0.013 0.013
Reform Air Compressor kW 2.593 2.593 2.593
Regen Air Compressor W kW 8.443 8.510 9.456
Thermal efficiency (LHV)   46.5% 71.1% 77.9%
Table 6:  Comparison of different regeneration methods
Table 6 shows that the thermal efficiency is much lower with steam regeneration as compared to
combustion regeneration.  The efficiency of the hybrid regeneration scheme lies between them.
The efficiency in steam regeneration is lower due to the significant amount of heat involved in
generating steam and the inability to recover this heat completely from the exhaust.   Figure 88
also shows the thermal efficiency of the system with different regeneration conditions.
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Figure 88:  Thermal efficiency with different regeneration methods
Clearly, combustion gas regeneration has the potential for highest efficiency. 
Therefore,   we   decided   to   pursue   combustion   gas   regeneration   system   for   our   detailed
engineering study.
SSR and Pressure Swing Adsorption (PSA) System Integration
We modeled SSR system integration with a PSA to predict efficiency of pure H2  production.
Two system integration  scenarios  were  studied;  high  pressure  reforming with  PSA and  low
pressure   reforming   with   PSA.   We   modeled   this   system   with   controlled   oxidation   for
regeneration step.  Figure 89 shows a typical flow diagram for integrating SSR and PSA.  
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Figure 89:  Flow diagram for SSR integration with PSA
Following assumptions/basis was used in this systems analysis:
(1) SSR reactor is an equilibrium reactor with the outlet temperature at 600oC
(2) SSR reactor, controlled oxidation and burner are adiabatic reactors
(3) SSR feed temperature is determined by heat balance of the reforming endothermic heat
and CO2 adsorption heat to maintain the reformer exit temperature at 600oC
(4) Heat duty of the controlled oxidation is determined by total CO2 desorption heat (equal to
CO2 adsorption heat in the reforming) and sensible heat required to heat the SSR bed
from 600oC to 800oC
(5) All heat exchangers are physically possible
(6) Heat losses to the environment are negligible
(7) Rigorous model for PSA, which considers the effects of pressure, feed gas compositions
and two layers of adsorbents (active carbon and zeolite)
(8) No pressure drop is considered at this stage of analysis
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High Pressure Reforming with PSA
In this case, the reforming reaction is carried out at a high pressure to match PSA operating
pressure. The methane conversion is lower at higher pressures. So, S/C of 4 is used in the high
pressure   scenario   to   improve   the  methane   conversion.   The   reforming   and   PSA   operating
pressures were assumed to be 7.7 bar. PSA hydrogen recovery was about 80%.  The summary of
the thermal efficiency analysis is shown in Table 7.  
NG Feed 0.8 kmol/hr
NG Fuel 0 kmol/hr
NG Total 0.8 kmol/hr
Total Power Consumption 3.041 kW
   NG Feed compressor 1.952 kW
   H2O Pump 0.015 kW
   Air Compressor 1.074 kW
   NG Fuel Compressor 0.000 kW
   PSA compressor 0.000 kW
H2 Production 2.196 kmol/hr
Thermal Efficiency (LHV) 81.4%
Table 7:  Thermal efficiency analysis of high pressure reforming + PSA
Table 8 shows the energy balance for high pressure reforming with a PSA system.   The total
energy input include the natural gas (methane) lower heating value (LHV), a small amount of the
sensible heat in natural gas and air and power inputs for compressors and pumps.  As can be seen
from the table, most of the inlet energy is converted to H2  resulting in a system efficiency of
about 81.4%.
The sensible heat content in burner effluent, regeneration effluent and PSA H2 add up to 4.0% of
total energy output.   The bed loss term stands for the heat required to raise the SSR bed from
reforming   temperature   (600oC)   to   calcination   temperature   (800oC).   It   is   a   loss   term   as  we
assumed that we cannot recover this heat and bed loss is 1.4% of the total energy output. The
heat loss in the condenser, which is used to separate liquid water from vapor before the PSA or
the PSA compressor, is 2.3% of the total energy output.  For high pressure reforming, reformate
compressor is not needed.   “Others LHV” term stands for LHVs from other trace combustible
gases such as CH4 and CO contained in the PSA H2 stream, burner and regeneration effluents and
condensates   from the condenser.    The “water   latent  heat”   term represents   the  latent  heat  of
condensation contained in the burner and regeneration effluents.
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The energy balance in Table 8 shows that the biggest loss is due to the latent heat of water in the
effluents.   It   is   difficult   to   recover   this   heat   because   it   has   to   be   recovered   at   very   low
temperatures, lower than the ambient temperature.
In (kW) Out (kW) %
NG, LHV
178.2
9 H2, LHV 147.54 81.3%
NG+Air Sensible Heat 0.06 Total, Sensible Heat 7.37 4.1%
Power Input 3.04 Bed Loss 2.62 1.4%
    Condenser 4.22 2.3%
    PSA Compressor 0.00 0.0%
    Others, LHV 0.19 0.1%
    Water Latent Heat 19.45 10.7%
Total, In
181.3
9 Total, Out 181.39 100.0%
Efficiency 81.4%
Table 8:  Energy balance for high pressure reforming + PSA
Low Pressure Reforming with PSA
In integrating low pressure reforming with PSA, reforming is carried out at low pressures but an
additional   reformate compressor  is  used before the PSA.   S/C ratio of 3  is  used  in  the  low
pressure scenario. The reforming pressure and PSA operating pressure were assumed to be 1.2
bar and 7.7 bar, respectively. The PSA hydrogen recovery was about 77.4%.    Summary of the
thermal efficiency analysis is shown in Table 7.
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NG Feed 0.8 kmol/hr
NG Fuel 0.038 kmol/hr
NG Total 0.838 kmol/hr
Total Power 7.639 kW
   NG Feed compressor 0.132 kW
   H2O Pump 0.000 kW
   Air Compressor 1.253 kW
   NG Fuel Compressor 0.007 kW
   PSA compressor 6.248 kW
H2 Production 2.254 kmol/hr
Thermal Efficiency (LHV) 77.9%
Table 9:  Thermal efficiency analysis of low pressure reforming + PSA
Table 10 shows  the energy balance for   the  low pressure reforming with PSA system.  Most
energy   inputs   and  outputs   are   similar   to   those   in   the  high  pressure   system  except   for   the
reformate compressor. Also in this low pressure scenario, the stream after the PSA compressor
has to be cooled before the PSA.  Table 10 shows that the energy loss associated with the PSA
compressor  is  a significant  energy loss  in  the system, and explains  the efficiency difference
between the high pressure and low pressure system.
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In (kW) Out (kW) %
NG, LHV
186.7
6 H2, LHV 151.42 77.9%
NG+Air Sensible Heat 0.06 Total, Sensible Heat 2.86 1.5%
Power Input 7.64 Bed Loss 2.62 1.3%
    Condenser 7.98 4.1%
    PSA Compressor 7.87 4.0%
    Others, LHV 0.50 0.3%
    Water Latent Heat 21.22 10.9%
Total, In
194.4
6 Total, Out 194.46 100.0%
Efficiency 77.9%
Table 10:  Energy balance for low pressure reforming + PSA
When the SSR system is integrated with a PSA, the CH4 conversion is not as crucial as in non­
PSA systems, because any unconverted CH4  in the PSA off gas will be recovered and used for
combustion and regeneration. In addition, H2 in the off­gas can significantly reduce the light­off
temperature, which is critical for catalytic oxidation.
Subtask 4.3:  Finalize Reformer Design Guide
As detailed in the process modeling work, we chose the combustion gas regeneration approach
for our detailed engineering study. Most of the work described in the process modeling was
theoretical in nature. In the design guide, we updated the process simulation model to include
effect of less than ideal conditions, such as practical exhaust temperatures. Figure 90 represents
the reduction in thermal efficiency due to practical limitations in the system design. 
Page 133 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Figure 90:  Effect of practical limitations on thermal efficiency
The base case was modeled without methanator and was assumed to have the same conditions as
that   detailed   in  Table   1   for   combustion   regeneration   case.  This   scenario   assumed   that   the
reformate and burner exhaust can be cooled to 68oC and 78oC respectively. The second case
included   the   effect   of   adding  methanator   to   the   base   case.   A  more   practical   and   higher
combustion exhaust temperature of 121oC was assumed in the third case. The fourth case reflects
the effect of increased HX3 pinch temperature, 50 C instead of 25 C, on thermal efficiency. 
We also studied the magnitude of different components that determine the system efficiency by
creating the energy balance table. Table 11 represents the energy balance for the system for the
fourth case in Figure 90, with an estimate for reactor heat loss.
Page 134 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
In (kW) Out (kW) %
NG, LHV 233.00 H2, LHV 158.37 65.0%
NG+Air Sensible Heat 0.05 Others, LHV 18.41 7.6%
 Power Input 10.71 Bed Heat Loss 8.18 3.4%
    Reform Burner Exhaust 9.22 3.4%
    Reformate 19.94 8.2%
    Regen Burner Exhaust 29.40 12.1%
Total, In 243.76 Total, Out 252.31 100.0%
Thermal Efficiency 73.8%
Net Efficiency 70.3%
Table 11:  Energy balance of a single reactor system with reactor heat loss
As shown in Table 11,   the total  energy into the system is  made up of LHV of natural  gas,
electrical power consumption and small  sensible heat contribution from the inlet gases.   The
LHV of natural gas includes all natural gas inputs, including process feed, reforming burner and
regeneration feed. The power consumption is due to the air blower/compressor for the reforming
and regeneration burners.  The sensible heat of inlet gases is the small amount of heat contained
in the feed streams as compared to its reference state.
As expected, LHV of hydrogen is the largest percentage of the energy output in the reformate.
LHV of unconverted CH4  in the reformate is about 7.3% of the total energy input. This part of
energy can be recycled and will reduce the total energy input, such as in a fuel cell application
where anode gas can be recycled.   The estimated heat loss from the reactor was about 3.7% of
total energy input. The bed heat loss term is due to the fact that the bed has to be heated from the
reforming temperature (600oC) to the regeneration temperature (850oC), and it was assumed that
we do not recover this heat in the reforming step.  If we assume that we can recover this energy
in the reforming, the efficiency can be increased by 3.2%.  In practice, some of this bed sensible
heat can be recovered.
The sensible and latent heat content in the outlet streams also caused significant heat losses, as
shown in Table 11.  Outlet streams included reformer burner exhaust, reformate and regeneration
exhaust.  Of these three outlet streams, the reforming burner exhaust has the least heat loss due to
the relatively small flow rate.  The reformate stream heat loss is about 7.9% of the total energy
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input   and   is   due   to   relatively   large   unrecoverable   latent   heat   of  water   condensation.     The
regeneration exhaust is the highest single heat loss stream (11.7% of total energy input) in the
system.  This   is  due   to   the   large combustion   flow required  to  provide  the  regeneration  heat
(including   the  CO2  desorption   heat   and   the   bed   sensible   heat)  within   a   small   temperature
difference across the reactor.   The maximum regeneration temperature of 850oC is dictated by
the   sorbent   material.   The   regeneration   exhaust   temperature   will   vary   from   the   reforming
temperature (~600oC) to the regeneration temperature (850oC). The average regeneration exhaust
temperature determined the minimum combustion gas flow rate necessary to regenerate the bed
within a specified time period.
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The process flow diagram selected for the detailed engineering study is presented in Figure 91. 
Figure 91:  Process flow diagram for detailed engineering study
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The heat and material balance of the regeneration and reforming steps are provided in Table 12
and 13 respectively.
Node 1 2 3 4 5 6
Stream RGAir RGNGFuel RGAir2 BurnerOut RegenOut RegenExhaust
Flow rates (kmol/hr)            
H2 0 0 0 0 0 0
H2O 0 0 0 0.8232 0.84 0.84
CO2 0 0 0 0.4116 1.5988 1.5988
CO 0 0 0 0 0 0
CH4 0 0.42 0 0.0084 0 0
O2 11.76 0 11.76 10.9368 10.92 10.92
N2 44.24 0 44.24 44.24 44.24 44.24
Total (kmol/hr) 56 0.42 56 56.42 57.60 57.60
Total (kg/hr) 1615.62 3.369 1615.62 1622.36 1674.24 1674.24
Temperature, C 25 25 689.7 855.6 715.6 123.4
Pressure, bar 1 1 1.4 1 1 1
Table 12:  Node array for 100 kW reactor system during regeneration
Node 8 9 10 11 12 13 14
Stream Reformate Air Air2 Air3 NGFuel BurnerOut BurnerExhaust
Flow rates (kmol/hr)              
H2 4.7152 0 0 0 0 0 0
H2O 1.6744 0 0 0 0 0.494 0.494
CO2 0 0 0 0 0 0.247 0.247
CO 0 0 0 0 0 0 1
CH4 0.1652 0 0 0 0.252 0.005 0.005
O2 0 2.394 2.394 2.394 0 1.9 1.9
N2 0 9.006 9.006 9.006 0 9.006 9.006
Total (kmol/hr) 6.555 11.400 11.400 11.400 0.252 11.652 12.652
Total (kg/hr) 42.319 328.895 328.895 328.895 4.043 332.937 332.937
Temperature, C 68 25 229.4 436.9 25 930.3 78.7
Pressure, bar 1.2 1 1.2 1.2 1 1 1
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Table 13:  Node array for 100 kW reactor system during reforming
Process flow diagram presented in Figure 91 was used to generate P&ID alternatives for the
system. The alternatives were evaluated based on safe and reliable operation, efficiency, capital
cost and complexity of operation. Preliminary hazard analysis was conducted to determine the
safety and reliability of the alternatives. As a result of our trade­off study, we chose the P&ID
with a single reactor system sized for a 100 kW instantaneous output. 
The single reactor system was designed to  produce hydrogen (reforming)  for 1 hour and to
undergo   regeneration   in   slightly   less   than   1   hour.   This   system,   in   practice,  will  work   in
conjunction with a hydrogen storage device to make it a continuous process.  For our design, we
chose 2 hour cycle for reforming and regeneration, i.e. 1 hour of reforming followed by approx.
1 hour of regeneration. The choice of 2 hour cycle time was driven by choice of metallurgy in
the system and its durability to handle the temperature cycling associated with the process. We
also believe that 2 hour cycle provides enough time to overcome transients due to thermal mass
of the system.  
Subtask 4.4:  Reformer Design and Cost Estimates
We worked with an engineering firm, Zeton Inc, to perform the detailed engineering study and
prepare the cost estimate for a 50 kW reformer system. As part of the study, first we developed
an   overall   operating   philosophy   for   the   system   including   start­up,   planned   shutdown   and
emergency shutdown.  The control  parameters  and required flexibility   in  operation were also
defined. This led to identification of required balance of plant components. 
The   heat   and  material   balance   of   the   system  was   used   to   generate   design   basis   for   heat
exchangers in the system (Appendix I). The reactor design was developed based on 1 kW reactor
performance and process simulation results. The reactor design was in accordance with ASME
VIII Div I. Detailed specification sheet and drawing of the reactor is provided in Appendix J.
Zeton estimated the system piping requirements taking into the operating temperature, thermal
stress and thermal cycling requirements. The material selection for system components including
the piping are presented in Appendix K. 
Pressure drop budget for components was determined by performing trade­off studies between
pressure  drop  and equipment   size/cost   (Appendix  L).  This  determined  the  overall  operating
pressure for  the system. Detailed specification sheets were generated for system components
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(Appendix M). Detailed P&ID of the system is provided in Appendix N.  Zeton obtained price
quotes for these major components from multiple vendors. Zeton also provided a lump sum price
quote for the system based on fixed price quotes on the major components (Appendix O).
We estimated the heat loss through the system components including reactor, heat exchangers
and piping.  This heat loss estimate was included in the process simulation to calculate the effect
on system thermal efficiency. Figure 92 shows the effect of heat loss in the thermal efficiency of
the system. It is evident that heat loss significantly reduces the thermal efficiency of the system. 
Figure 92:  Effect of heat loss on thermal efficiency of the system
The pressure drop through the system determines the discharge pressure required for  the air
compressor used during combustion gas regeneration. The high system pressure drop and high
air   flow rate   increases  the parasitic  power due  to  the air  compressor  and results   in  low net
efficiency. Figure 93 shows net efficiency as compared to the thermal efficiency of the system.  
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Figure 93:  Comparison of thermal and net efficiency
As a way to improve the thermal efficiency, we investigated a two bed system to recover more
heat in the system. Figure 94 shows a possible two­reactor integrated system.  
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Figure 94:  Combustion­gas regeneration two­reactor SSR system
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The advantage of  two reactor  integrated system is   their water and natural gas preheater  that
allows   better   heat   recovery   from   the   regeneration   exhaust   stream.   It   can   also   produce  H2
continuously.  This system, however,   requires high  temperature valves  to  switch between the
reforming and the regeneration mode, which leads to higher capital and operating costs. The
thermal efficiency improvement  in a two bed system as compared to a single bed system is
presented in Figure 95.
Figure 95:  Modular and two­reactor system efficiency
As shown in Figure 95, the thermal efficiency of the process can be improved by using a two bed
system but still is lower than our target of 78%. The two bed system still has the problem of
lower net efficiency due to high parasitic power.
Conclusion
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The predicted thermal efficiency of the system is lower than the 78% target for go/no­go criteria
for the project. We communicated our findings to the DOE project manager and they concurred
in our decision to not proceed with the 50 kW reformer system.
Task 5:  Reactor Design and Construction
Subtask 5.1:  First Reactor Design Cycle
Micro­reactor System Description
The  micro­reactors  were  developed   to   test   catalysts   that   requiring  many  AER cycles  under
different reforming temperatures, flow rates, S/C, and regeneration conditions.      The process
flow diagram for the Micro­reactor test stand is shown in Schematic 1.  The experimental set up
includes a gas and deionized water delivery system, a pre­heater, a fixed­bed reactor, water­gas
separation, NI control system, and a magnetic sector mass spectrometer for gas analysis.   The
feed gases pass through the pre­heater into the reactor.  In the reactor, the pre­heated feed stream
passes over the packed catalyst/sorbent bed.   For all  2004 & 2005 tests reported, 32.5 cc of
CSMP sorbent material and 7.5 cc of a commercially available 0.5% Rh on alumina (Engelhard
Escat 326) were used.
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Schematic 1:  The process flow diagram of the experimental set up
After exiting the reactor the reformate passes into a knockout vessel used to separate condensed
water   from   reformate.    All   gas   analyses   are   reported   in  mole  percent   on   a   dry  gas   basis.
Pressure, temperature and flow rate data collected via LabVIEW are combined with mass spec
analysis to calculate reaction efficiencies found in Appendix B. 
AutoSSR 1kW System Description
The AutoSSR 1kW reactor combines SMR, water­gas shift, and purification into one reactor to
produce high purity hydrogen. Similar to the micro­reactor configuration, the distinct parts of the
process included the gas delivery, steam production; AER and regeneration reactor, gas­water
separation and hydrogen concentration analysis shown in the Figure below. 
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Schematic 2:  The process flow diagram for the AutoSSR 1 kW Unit (Top Down) ­ Bay 54
The natural gas feed was conditioned through a sulfur trap to remove unwanted sulfur odorants.
The reactor was vertically mounted with downward flow.  Electrical heating tapes were used to
minimize heat loss through the piping and tubing in the system. Pressure relief valves were also
installed to prevent any pressure build­up above the specified maximum operating pressure.  The
flow of only steam (0­18 ml/min H20) or a combination of steam and natural gas (0­8 SLPM)
were controlled to react with select catalyst. The control system alternated AER and regeneration
conditions primarily through cycling of furnace temperatures between 600ºC ­800ºC, the cycling
of  a  NG mass­flow meter  on and off  while  changing water  pump flow rates.  The unit  was
designed to run continuously. The control system also monitored key thermocouple signals, level
switch activity, flow sensors and pressure transducers to perform a safe shut­down if necessary. 
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Schematic 3:  The AutoSSR 1 kW reactor design ­ Bay 54
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In the above design, the reactor shell was made of 6” SCH 40 carbon steel pipe. The flange was
Class 150 Type 316SS and the vessel was designed according to ANSI B31.3. The vessel was
designed to operate at maximum temperature of 850°C and 14.9 psig.  Multi­layered ceramic
paper insulation (1/8” 714H –  Unifrax Corp) was wrapped around an alumina sleeve used as
internal   insulation to  prevent  heat   loss  and protect  carbon steel  shell   from exposure  to  high
temperature. The flange also has thermocouple ports to measure the vertical temperature profile
in the reactor.
There were two independent mass flow controllers to deliver natural gas for regeneration and
AER.   Regeneration was achieved by combining air preheated through a combustion heater to
400ºC with natural  gas.    The hot gases were passed over  the packed catalyst/sorbent bed to
facilitate catalytic combustion with a subsequent rise in temperature.  The temperature increase
propagated through the catalyst bed until the catalyst bed reaches 800ºC.  The process continued
until carbon dioxide was completely liberated.  To reduce start­up time, steam was introduced to
help raise the bed temperature to >350°C to achieve light­off.
To ensure safe operation of the unit, it was necessary to stay below the lower flammability limit
(LFL) at any given temperature. The LFL is the percentage by volume of fuel, in fuel­oxidant
mixture,   above  which   flame   propagation   can   be   sustained.   LFL   decreases  with   increasing
temperature. The safety set included a shutdown based on the LFL. 
Certain   fuel   to   air   ratio  was   necessary   to   achieve   the  desired   adiabatic   temperature   in   the
combustion process. This ratio is dependent on inlet temperature of the fuel­air mixture and the
amount of dilution N2 and steam.   The following equation was used to determine the air flow
rate   to   control   combustion   temperature   based   on   the   natural   gas   feed   rate.   The  methane
combustion efficiency selected was 1.0 to stay below the maximum operating temperature.
Where:
y: air flow rate, slpm.
x: methane flow rate, slpm.
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:  methane combustion efficiency (eg, 0.85).
z: N2 flow rate, slpm.
w: water flow rate, g/m.
T1: Preheater temperature, C.
T2: Desired combustion temperature, C.
Once the bed was fully regenerated, the air and natural gas solenoids closed.  Six purge volumes
of inert gas (steam and/or N2) passed through the reactor before beginning the AER cycle.  At 
this  point,   the  natural  gas  was  diverted   from  the  combustion   line   to   the   reforming   line  by
activating and deactivating the appropriate solenoids.  Natural gas combined with steam, flowed
through the pre­heater raising the gas temperature to the optimum reforming temperature.  As the
feed stream passed over the catalyst bed, the AER reaction proceeded resulting in a stream of
high purity  H2 with  inconsequential   levels  of  CH4,  CO and CO2.    As  the  sorbent   reached
saturation, concentrations of CO2 increased.   CH4 slip increased and H2 concentrations fell.
When the percent H2 dropped below 90% of the gas composition, the natural gas feed was cut
off.  Six purge volumes of inert gas were swept through the reactor to complete the cycle. 
After exiting the reactor, reformate, combustion, or purge gases passed through the water cooled
heat exchanger to cool the system exhaust gases. A chiller was used to further cool the exhaust
gas and a knock­out vessel was used to collect the condensed water.  Reformate was discharged
into a ventilation hood.   A slip stream of  the product gas was continuously monitored by a
magnetic sector mass spectrometer (mass spec) for detailed dry gas compositional analysis.  All
gas analyses were reported in mole percent on a dry gas basis.  Pressure, temperature and flow
rate data collected via LabVIEW were combined with mass spec analysis to calculate reaction
efficiencies.   
Subtask 5.2:  First 1 kW Reactor Fabrication
The two micro­reactors were fabricated as per above design.
The first 1 kW reactor was fabricated as per above design.
Subtask 5.3:  First Reactor Installation
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Micro­reactor Installation
The  two micro­reactors  were  installed   into  two  independent   test   stands  separated  the by NI
Control hardware in a NEMA enclosure.  The control software allowed for 24/7 operation.  The
reactor  was a  ¾   inch stainless   steal   reactor  with a  0.049” wall   thickness.    The  reactor  was
vertically mounted with downward flow.  The catalyst sorbent mixture was supported by quartz
wool.  The mixed sorbent/catalyst was loaded in the reactor and packed to a 7.3” bed length with
a length/diameter  (L/D) of 11.    The reactor was placed in  the furnace with the catalyst  bed
situated in the active heat zone.  The inlet Type K thermocouple (TCin) measured the preheated
gas before the sorbent bed.   The outlet Type K thermocouple (TCout) controlled the furnace
temperature.   Brooks 5850i mass flow controllers were used to deliver methane and nitrogen.
Water was metered through an ISCO dual syringe pump. 
Pressure transducers, flow indicators, pressure gauges, and thermocouples were used to monitor
the process.   A 1/3 PSIG check valve on the vent line prevented pressure build up.   A water
knock out vessel, equipped with a level switch to automatically drain, collected condensate.  The
entire reformate gas was ported to the mass spectrometer for gas analysis.
Electricians  completed  the  electrical  connections  of   the  electrical  control  panel   to   the  110V
circuit and connected the process PC and the unit hardware. Hardware calibration and signal
processing were completed. A calibration check on all MFCs were checked and verified within
the accuracy reported by the manufacturer.  The ISCO water pumps were measured for accuracy.
The unit was pressure tested.  All of the unit hardware was tested including the safety shut­down
signals.  
AutoSSR 1kW System Installation in Bay 54
The first AutoSSR 1 kW size reactor was installed in an existing test stand (Bay 54) using NI
Control hardware and software to allow for 24/7 operation.  Brooks 5850i mass­flow controllers
were used to control gas flows.  Regulators and back­pressure regulators were used to maintain
the operating pressure across the mass flow controllers. Thermolyne furnaces equipped with I2R
over­temperature protection provided the heat for steam production.  An SEC heat exchanger and
Modular Cooling System (MCS) were used to cool the system exhaust gases.   An additional
glycol cooled chiller coil was used to further cool the exhaust gas located in the knockout vessel.
In   addition,   electronically   actuated   solenoid  valves  were  used   as   shut­off   valves.     Pressure
transducers, flow indicators, pressure gauges, Type K thermocouples, and a thermal conductivity
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detector were used to monitor the process.  A burst disk prevented pressure build up beyond the
operating envelope maximum operating pressure.  
The AutoSSR 1 kW unit was contained in Bay 54 complete with a vented canopy allowing for a
minimum of 6 air changes/hr of air flow.  The canopy was equipped with a combustible sensor to
alarm at 20% LEL and drop all electrical power to the canopy if the sensor measured 40% of the
lower explosion limit (LEL).  The control equipment was also located within the bay. The user
interface for control was located outside of the bay, near the unit.  
Electricians  completed  the  electrical  connections  of   the  electrical  control  panel   to   the  240V
circuit and connected the process PC and the unit hardware. Hardware calibration and signal
processing were completed. A calibration check on all MFCs were checked and verified within
the accuracy reported by the manufacturer. The piston FMI water pump was calibrated and found
to oscillate.  Flow indicator, FL 58,  was outputting oscillating signal due to the piston pump
operation. The oscillation was corrected.  The unit was pressure tested.  All of the unit hardware
was tested including the safety shut­down signals.  
The Honeywell Thermal Conductivity detector (TCD) was initially used to control signals for the
process. The Honeywell TCD was calibrated at the factory using air (Conductivity, K, of 1.0) as
a background or zero gas and Hydrogen (K, 6.803) as the span gas.  Auxiliary gas analysis was
performed using the Prima dB on­line process mass spectrometer.   The Honeywell TCD was
later disconnected.
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Subtask 5.4:  Second 1 kW Reactor Design
The second 1 kW reactor was designed with a metal fiber burner (MFB) combustion system for
regeneration. MFB is similar to conventional burner in its flame type combustion. However, the
flame in the MFB is held to its surface and hence, allows for a compact design. A cross­section
of the schematic is presented in Figure 96.
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Figure 96:  Schematic of second 1 kW reactor design
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In the above design, the reactor shell was made of 6” SCH 40 carbon steel pipe. The flange (not
shown in the schematic) was Class 150 Type 316SS and the vessel was designed according to
ANSI B31.3. The vessel was designed to operate at maximum temperature of 850 C and 14.9
psig. Multi­layered ceramic paper insulation (1/8” 714H –  Unifrax Corp) was used as internal
insulation to prevent heat loss and protect carbon steel shell from exposure to high temperature.
Metal fiber burner (Bekaert) was custom designed to fit the reactor profile and burner power
requirements.  The  metal   fiber   burner   has   the   ability   to   combust   at   20%  excess   air   ratios.
However, our regeneration temperature required 300% excess air.  The excess air for combustion
was introduced using a secondary air distribution ring. The distribution ring was made of Inconel
tubing and had perforation pattern on its face to ensure uniform flow distribution. The inside
diameter of the distribution ring was designed to fit outside of the metal fiber burner. The top
face of the ring was held at the same level as that of the top face of the MFB. This design ensures
good mixing of combustion exhaust and secondary air. During reforming step, the secondary air
distribution ring was used to introduce fuel and steam into the reactor.
The design also included a spark igniter and a flame rod (US ignition). As the name suggests, the
spark   igniter  was   used   for   combustion   light­off.   The   flame   rod   provided   feedback   on   the
combustion by detecting the flame. The spark igniter and the flame rod were installed through 1”
tube sections welded to the side of the reactor shell. The 1” tube sections were designed to be
welded such that the tip of the igniter and the flame rod are ¼”­ ½” vertically separated from the
surface of the metal fiber burner. 
A thermocouple port was designed to measure the combustion temperature. The flange also has
thermocouple ports to measure the vertical temperature profile in the reactor. A distributor (1”
Zirconia stabilized Alumina ­  Vesuvius HiTech Ceramics) is used in the reactor to create good
mixing of combustion exhaust and secondary air. The distributor also functions as a physical
support   for   the   catalyst/sorbent   bed.   The   distributor   is,   in   turn,   supported   by   the   internal
insulation of the reactor. This ceramic distributor also acts as a flame diffuser, if there is any
flame lift­off during any upset conditions. 
Subtask 5.5:  Second 1 kW Reactor Fabrication
The second 1 kW reactor was fabricated as per above design.
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Subtask 5.6: Second 1 kW Reactor Installation
Second 1 kW size reactor was installed in a test bay. Mass flow controllers were used to control
gas flow rates.  Electronically actuated solenoid valves were used as shut­off valves.  A wick
boiler  in an electrical  furnace was used for generating superheated steam. Another electrical
furnace was used to heat natural gas and steam mixture to reactor inlet temperature. Electrical
heating tapes were used to  minimize heat   loss  through the piping and tubing in  the system.
Pressure relief valves were also installed to prevent any pressure build­up above the specified
maximum operating pressure. Water cooled heat exchangers were used to cool the system 
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exhaust gases. A chiller was used to further cool the exhaust gas and a knock­out vessel was used
to collect the condensed water.  Detailed P&ID of the test setup is provided in Appendix N.
Real time Fieldpoint® control modules (National Instruments) were used for the control system.
Labview®  was  used   to  write   the  control  code   for   the   test   stand.  A separate  burner  control
module  was   installed   to   light­off   and  monitor   the  MFB.  The   igniter   and   the   flame rod  are
connected   to   a   stand­alone  burner  control  module.  A high  voltage   transformer  was  used   to
provide the spark to the igniter. The burner control module interfaces with Labview® to integrate
operation of the burner with the overall system. 
Subtask 5.7:  Five kW Reactor Design
Based on discussions with internal reactor design experts and an outside engineering firm, we
learned that the 5 kW reactor will not provide us with any significant new information about the
system as compared to the 1 kW reactor. The scale­up issues in 100 kW size range will be totally
different from that of a 5 kW reactor. After discussions with DOE manager, we decided not to
pursue the 5 kW reactor. 
Subtask 5.8:  Five kW Reactor Fabrication 
5 kW size reactor was not fabricated for reasons described in subtask 5.7.
Subtask 5.9:  Five kW Reactor Installation
5 kW size reactor was not installed for reasons described in subtask 5.7.
Task 6:  Reactor Testing
Subtask 6.1:  First Test Stand Modification and HAZOP 
A Hazard and Operability Study (HAZOP) was performed on the Chevron Technology Ventures
CSMP Automated SSR 1 kW Reactor according to AIChE guidelines. This qualitative study was
conducted on July 30, 2003, with the HAZOP technique utilizing a team approach to identify
potential hazards and to investigate the underlying causes of potential operational deviations.
These  HAZOP   analyses   are   routine   and   are   required   under   the   detailed   “Management   of
Change” process used by Chevron to ensure safe operation.  The HAZOP was a multidiscipline
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six person team to review Process Engineering,  EH&S, Codes and Standards,  and Electrical
design. 
The areas of the test stand to be included in this HAZOP were subdivided into workable sections
called  "nodes"   for   a  detailed   review using   the  prescribed  HAZOP criteria.    As part  of   this
identification, possible consequences of potential hazards were noted, as well as safeguards in
place, which would mitigate and/or control the circumstance.   The team members identified a
total of 36 recommendations pertaining to safety, and operability concerns.  Those 
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recommendations  were  accepted  and   implemented   according   to   an  action  plan.    A detailed
Laboratory   Standard  Operating   Procedure   (LSOP)   binder   containing   the   P&ID   schematics,
electrical drawings, Lock­out Tag­out, Operating Envelope, Reactor Loading, Start­Up, Shut­
down, & Operating procedures and Safety Shut­down events for each unit was compiled.   The
binders were located lab near each bay for easy reference.
Subtask 6.2: Microreactor and First AutoSSR 1 kW Tests
Microreactor Tests
Materials
Experiments were conducted to examine the effects of material  composition,  post­processing
conditions,   temperature,   steam  to  carbon  ratios,   and  other  operating  parameters  under  AER
conditions.    Materials  meeting   the   required  CO2   sorption   capacity   and   stability  would   be
recommended for scale up for the 50 kW fuel processor.   Thermogravimetric Analysis (TGA)
was the selection criteria to optimize the composition for scale up.  Based on TGA data, a series
of  materials  was   tested  in   the micro­reactors   to  correlate  materials  TGA performance under
reforming   conditions.     The   catalyst   inventory   included   powders,   precious  metal   extrudate
compositions,   sorbents,   steam methane   reforming   (SMR)   catalysts,   and   integrated  materials
(sorbent  and SMR catalyst)  prepared by CSMP and extruded both at  ETC’s  Catalyst  Group
(RTC) in Richmond, CA and CSMP in Albuquerque.  
In 2005, the powders were extruded and post processed at the new CSMP facility (Appendix A).
Parent powders were mixed by either by hand or by machine yielding a 50 gram sample of
extrudates.     Larger   scale   samples  were   prepared   by   screw   extrusion   of   the   parent   powder
yielding approximately a 900 gram sample of extrudates to test in the 1 kW Fuel Processors.  
Experiments were conducted from January 2004 – July 2005 in the micro­reactors under the
following conditions:
SMR Catalyst   Commercial Rhodium Catalysts
(0.5%Rhodium on Alumina)
SMR Catalyst Weight, g 4.5g
SMR Catalyst Volume, cc 7.5cc
CSMP CO2 Sorbent Weight Varied 
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CSMP CO2 Sorbent Volume, cc 32.5cc
Steam / Carbon  3.0
Carbonation Temperature, °C 600
Calcination Temperature, °C 800
GHSV, hr­1 390
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The theoretical maximum sorption capacity of grams of CO2 sorbed per gram of CaO is 79%.
Fig. 1 shows a typical response curve for one complete cycle where H2, CH4, N2, CO, and CO2
are plotted over a 2.5 hour period.   Initially H2 concentrations are > 95% with CO and CO2
concentrations below 1%.   As the CO2 sorption declines, methane slip increases followed by
increased CO and lower H2 concentrations in reformate.  After reaction proceeds for 60 minutes,
the program switches to regeneration.  Methane flow is stopped and nitrogen is introduced into
the system during regeneration where CO2 is desorbed.
0
20
40
60
80
100
0.00 50.00 100.00 150.00
Time, minutes
G
as
 C
o
m
p
o
si
ti
o
n
s,
 %
H2
CH4
CO
N2
CO2
Figure 97:  A tpical response curve for one complete cycle where H2, CH4, N2, CO, and
CO2 are plotted with respect to time.  [S/C­3, GHSV­390 hr­1, TCout­600C, 1 atm]
The reaction efficiencies are calculated for H2 concentrations greater than 90%.   During this
period H2 content, methane conversion and CO2 sorption are maximized.  
Discussion
CSMP materials were initially extruded at RTC.     Control of the moisture content of the mix,
extrusion   rate,   and   extrusion   temperature  were   the  most   important   variables.     Small   scale
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samples were prepared by hand mixing CSMP powders with binder and extruding the material
on a die­press.  “Large Scale” samples at RTC were prepared by mixing CSMP material with a
mechanical  mixer   and  using  a   single   screw extruder  yielding  1400  ­  1800  gram sample  of
extrudates to test in the 1 kW Fuel Processors.  Prior to extrusion some powders were subjected 
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to high temperatures under controlled conditions  at  CSMP, designated Post Processing (PP).
Selected powders received additional  sample preparation prior  to  extrusion at  RTC’s facility
known   as   pre­procession   extrusion   (PPE).     All   extrudates   were   then   calcined   at   various
temperatures after extrusion (CE).  
Small Batch Materials Extruded at RTC 
Figure 98 shows  the g CO2 Sorbed/g Sorbent   for   the “Small  Batch Materials”  plotted as  a
function  of  number  of   cycles.    Post  processing   temperature   is   a  key  parameter   in   sorption
capacity and stability.  CO2­TGA tests showed the effect of extrudate calcinations temperatures
on CO2 sorption negligible.   The micro­reactor tests demonstrate the CO2 sorption capacity is
improved by post processing and/or calcining the materials at higher temperatures.   The Small
Batch  Materials   Table   containing   the   Sample   ID,   composition,   and   conditioning   for   each
extrudate is located in Appendix C.  Also included in Appendix C are the data tables and graphs
of   the  average   reaction   efficiencies,  gas   composition,   and  CO2 Sorption  Capacity   for   each
extrudate tested when H2 > 90%.  
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Figure 98:  CO2 Sorbent Capacity of the "Small Batch" Materials as a function of number
of cycles [S/C­3, GHSV­390 hr 1, TCout­600C, 1atm]
Integrated Function Materials Extruded at RTC
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CSMP used a 3 step approach in preparing an integrated SMR with sorbent material for SSR.
First the sorbents and reforming catalyst were separately prepared and pelletized.  Micro­reactor
tests compared the six CSMP SMR catalysts to a commercial rhodium catalyst.  Micro­reactors
tests demonstrated the CSMP catalyst had better catalyst activity than the commercial catalyst.  
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Next the CSMP SMR catalyst and sorbents were combined and tested for activity.  The
sorbent   and  SMR  catalyst  were   integrated   into   one   particle   once   the  SMR  activity   in   the
combined tests were demonstrated.  The integrated function materials were composed of 90 Wt%
CaO/MgO 
(50:50) with 10 Wt% 0.5% Rh/Al2O3.  Calcination data was not available.  Figure 99 compares
the effect of cycles on CO2 sorption capacity in micro­reactor tests for the integrated materials.  
The   Integrated   Function   Materials   had   significantly   lower   CO2   sorption   capacity   when
compared to an extrudate with a similar composition without the SMR catalyst included in the
formulation.    Adjusting  the sorption  capacity   for 5  Wt% rhodium in  the  integrated function
materials doesn’t account for the poor performance.   The lower activity may be due to sintering,
the encapsulation of the active metal phase, or the masking of the crystallites due to carbonation.
The   Integrated   Function   Materials   Table   containing   the   Sample   ID,   composition,   and
conditioning for each extrudate is located in Appendix D.  Also included in Appendix D are the
data tables and graphs of the average reaction efficiencies, gas composition, and CO2 Sorption
Capacity for each extrudate tested when H2 > 90%.  
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Figure 99:  CO2 Sorbent Capacity of the Integrated Materials as a function of number of
cycles [S/C­3, GHSV­390 hr 1, TCout­600C, 1 atm]
Scale­Up Materials Extruded at RTC
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Evaluation of the “Large Scale” samples extruded by RTC shows the same basic trend as the
small batch samples.   Figure 100 compares the effect of cycles on CO2 sorption capacity in
micro­reactor tests for the “Large Scale” materials.  The difference in the material performance
of the same formulation is due to the post processing and calcination history.   No large scale
samples of a CaO/Al2O3 90:10 with 15% Al2O3 binder were made for comparison.  The Scale­
Up Materials Table containing the Sample ID, composition, and conditioning for each extrudate
is located in Appendix E.   Also included in Appendix E are the data tables and graphs of the
average reaction efficiencies, gas composition, and CO2 Sorption Capacity for each extrudate
tested when H2 > 90%.  
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Figure 100:  CO2 Sorbent Capacity of the "Large Scale" Materials as a function of number
of cycles [S/C­3, GHSV­390 hr­1, TCout­600C, 1 atm]
ECM Series (Small and Large Scale Samples Extruded at CSMP)
In January 2005, CTV received samples (50 g each of material) die extruded at the new CSMP
facility in Albuquerque, NM.   The compositions had various concentrations of CaO and were
either calcium or magnesium oxalates supported or in combination with alumina.   The ECM
Series  Table containing   the Sample  ID,  composition,  and conditioning  for  each extrudate  is
located in Appendix F.    Also included in  Appendix F are  the data   tables and graphs of  the
average reaction efficiencies, gas composition, and CO2 Sorption Capacity for each extrudate
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tested.  The CO2 sorption capacity for all runs was adjusted for weight loss determined by CO2­
TGA measurements.  Weight loss or CaO determination was measured by CO2­TGA at CSMP
facility and found comparable to a method using a muffle furnace at the CTV labs.   The test
method, data and results of the CaO Determination:  Muffle Furnace vs. CO2­TGA can be found
in Appendix G.
Small Scale
A summary of the test results from the micro­reactor runs for the small scale CSMP extrudates
are shown in Figure 101 below.   Consistent with CO2­TGA data, the material demonstrating the
greatest   stability   throughout   the   test   along  with   the   highest   CO2  sorption   capacity   is   the
CaO/Al2O3 (90:10) with 15% Al2O3 binder. A comparable CaO/Al2O3 (90:10) formulation with
only 10% binder disintegrated during testing.  Compositions containing higher concentrations of
CaO disintegrated to powder by the end of the test (See Appendix H: Sieve Analysis).  None of
the CSMP extrudates were comparable to RTC benchmark extrudates.
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Figure 101:  CO2 Sorbent Capacity of CSMP CaO/Al2O3 extrudates blends and RTC
extrudate as a function of number of cycles [S/C­3, GHSV­390 hr­1, Tcout­600C, 1 atm]
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Standard Material
Post   run   inspection  of   the  CMSP material   after   the  micro­reactor   tests   revealed  noticeably
thinner   extrudates,   approximately   24%   weight   loss,   15%   fines   denoting   attrition   of   the
extrudates.  Efforts were made by CSMP to mitigate the reduction in cross section and improve
extrudate integrity of the CaO/Al2O3 (90:10) with 15% Al2O3 binder.  Also changes were made
to the micro­reactor test procedure to reduce possible catalyst deactivation from contamination
such as   iron  from corrosion  of   the   reactor  or   silica   from disintegration  of   the quartz  wool.
Inconel 800H replaced the 316 SS reactor.    A study later by CSMP on “the Iron Poisoning
Impact   on  Sorbent   Performance”   demonstrated   little   impact   of   iron   poisoning   on   the  CO2
sorption  capacity  or  adsorption  kinetics.    Fiberfrax   replaced  quartz  wool  at   the   inlet  of   the
reactor.  Another modification included reducing the temperature ramp rate from 19°C/minute to
5°C /minute for the first  calcination.   The lower ramp rate was used to reduce strain on the
sorbent/catalyst bed.  
CSMP submitted samples from the “standard” parent  powder containing CaO/Al2O3  (90:10)
with 15% Al2O3 binder dried/calcined at temperatures of 300C, 500C, 750C and 800C.  Micro­
reactor test results of the standard powder calcined at 300C, 500C and 800C are compared with
other CaO/Al2O3  (90:10) with 15% Al2O3  binder materials and RTC extrudate in Figure 102
below.  Results from ECM255061C750 micro­reactor tests were excluded from the data set due
to problems with the reactor oven control.   Limited sample quantities prevented multiple test
runs of ECM255061C750.   
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Figure 102:  CO2 Sorbent Capacity of CaO/Al2O3 (90:10) with 15% Al2O3 binder
materials calcined at different temperatures and RTC extudate as a function of number of
cycles [S/C­3, GHSV­390 hr 1, TCout­600C, 1 atm]
Scale Up
Figure  103 compares   the  CSMP small   scale  preparations  with  die  extrusion   to   larger   scale
production with screw extrusion. The performance of the screw extrusion products is comparable
for   CaO/Al2O3  (90:10)   and   improved   for   CaO/Al2O3  (95:5)   demonstrating   the   process   is
scalable.  
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Figure 103:  CO2 Sorbent Capactiy of CSMP "Small Scale" materials and "Large Scale"
extrudates as a function of number of cycles [S/C­3, GHSV­390 hr­1, TCout­600C, 1 atm]
N2 Post Processing
In June of  2005, CSMP changed  the post  processing oven and atmosphere.    The change  in
atmosphere from air  to  N2 was  to  maintain a  safe environment and avoid high  temperature
excursions during post­processing.  Materials ECM259011C and ECM259002C were submitted
for evaluation.  Both materials were CaO/Al2O3  (90:10) post­processed in  the rotary calciner
under  nitrogen,  but  under  different   temperature,   residence   time  and  feed   rates.    Figure  104
compares   the CO2  sorption  capacity   for  both  materials  with  other  CaO/Al2O3  (90:10)  post­
processed in the ITO oven under air.  All materials compared were calcined in a Box Furnace in
air at 750C.   The materials post­processed under N2 demonstrate an increase in CO2  sorption
capacity than the materials post­processed under air.   Post run sieve analysis for the materials
post   processed   in  N2  measured   fines   at   1.45% after   53   cycles   and  1.51% after   77   cycles
respectively.  Extrudate integrity contributed to improved performance.
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Figure 104:  CO2 Sorbent Capacity of CSMP CaO/Al2O3 (90:10) with 15% Al2O3 binder
materials post­processed under air and N2 as a function of number of cycles [S/C­3,
GHSV­390 hr 1, TCout­600C, 1 atm]
Risk Review
Hazard   and   operability   (HAZOP)   analysis   is   a   popular   risk   review   technique   to   facilitate
systematic searches for process hazards and potential operational difficulties.  What­if scenarios
were investigated to determine the effect on the catalyst  activity.    The scenarios include:   1)
effect of multiple cycles on SMR activity 2) effect of multiple start  ups due to unscheduled
power outages, 3) effect of reduced S/C ratio due to water pump partial failure and complete
failure and 4) sulfur slip through the guard bed.  
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Effect of cycles on SMR activity
The reduced of catalytic activity due to agglomeration of crystallites and loss of surface area is
known as sintering.  Commercial catalysts are designed for stable performance.  Sintering under
normal conditions proceeds slowly.  However thermal cycling can impose strain on the catalyst
support and promote sintering.   SMR catalyst activity over multiple cycles was investigated to
determine   the   effect   on   carbon   conversion.     Figure  105   shows   the   carbon   conversion   as   a
function time on stream for H2 > 90%.   The 10th  minute for all cycles show near equilibrium
carbon conversion for all cycles demonstrating SMR catalyst activity.  
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Figure 105:  Carbon conversion as a function time on stream for H2 > 90% [S/C­3, GHSV­
390 hr­1, TCout­600C, 1 atm]
CO2 sorption studies in the literature indicate the CaO­CO2 reaction initially proceeds by a rapid
surface   reaction­controlled   step   followed  by  a   slower   second   stage  product   layer  diffusion­
controlled step CO2  sorption.    During the first  10 minutes,   the CO2  sorption on the surface
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occurs resulting in high methane conversion and higher H2 concentrations.  The remaining time
on stream the CO2 sorption is controlled by diffusion.  Sintering and loss of pore volume of the
CaO sorbent material results in the loss of CO2 sorption. 
Multiple Starts
Multiple start ups could have a negative effect on equipment and catalyst bed alike.   ECM25­
9018C CaO/Al2O3  (90:10) post­processed in N2, was used for the first  study. A 2 kg batch
material, originally calcined at 750C, received additional post treatment to reduce weight loss.
Significant weight loss can cause the sorbent bed to pack non­uniformly creating opportunities
for gas channeling and reducing the residence time.   Post treatment involves heating the sample
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to 800C to convert any CaCO3 in the material to CaO reducing the weight loss for the initial
cycle.  The amount of sample delivered was 1 kg due to problems with the initial extrusion and
weight   loss.    There were  two shut­downs:  1)  unscheduled  to  do a  lightning  storm and 2) a
mandatory shut­down in anticipation for Hurricane Rita.  The unit remained off for 9 days.  The
multiple start / stops have a temporary beneficial effect as shown in Figure 106 similar to a steam
soak. 
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Figure 106:  CO2 Sorbent Capacity of CaO/Al2O3 (90:10) with 15% Al2O3 after
shutdowns as a function of number of cycles [S/C­3, GHSV­390 hr­1, TCout­600C, 1 atm]
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Effect of S/C ratio on methane conversion and soot formation
S/C – 2.2
Early micro­reactor tests investigated lower steam to carbon ratios to improve system efficiency. 
  
Pressure, atm 1 1
S/C 2.2 3.0
CH4 conversion­% 92 94
% Total Energy
­Feed 73.3 71.0
­Fuel 26.7 29.0
@ Energy Efficiency 78.7 77.9
to H2 (LHV)
Note: Controlled Oxidation Regeneration with 2 reactors in both cases.
In conventional steam methane reforming carried out at temperatures of 800ºC, S/C ratios of 3/1
or  4/1  are  used  to  prevent  soot   formation  and provide  excess   steam for   the  WGS reaction.
Excess steam adds to the operating and capital costs.  Operating at a lower steam to carbon ratio
of 2.2 can produce as much as 92% H2 in reformate while improving operating and capital costs.
Tests  were   performed   to   determine   the   effect   of   lower   S/C   ratio.   Experimentally,   a  CH4
conversion baseline was established at 600ºC with the same CH4 flow rate as previous tests with
S/C   ­  3/1.    Next   the   temperature  was   increased   in  20ºC   increments   to   determine   the  CH4
conversion response. Each condition was maintained for three cycles.  The system pressure was
closely monitored.   An increase in pressure drop across the catalyst bed would indicate carbon
deposition   on   the   catalyst.     Figure   107   compares   the   average   conversion   efficiencies   as   a
function of temperature for a CaO/MgO (80/20) material tested with a S/C 2.2 and 3.0.  
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Figure 107:  Average conversion efficiencies as a function of temperature for a CaO/MgO
(80/20) material tested.  S/C­2.2, GHSV­390 hr 1, TCout­600C, 1 atm]
No soot was detected at the lower S/C in a post­run inspection of the extrudates.  
Water pump partial failure
Methane and other hydrocarbons found in natural gas will decompose into carbon and hydrogen
in a steam reformer at elevated temperatures without water present.   As reforming temperature
increases so must the steam to carbon ratio to prevent soot formation.    Two experiments were
conducted: first with the water pump at half rate simulating a pump malfunction and second with
no water flow simulating a complete pump failure.  Each test was conducted with fresh catalyst.
In the first experiment, ECM255036 & Escat 326 were tested under normal conditions for the
first 25 cycles.   The water rate was reduced to half rate for 24 hours (8 cycles) resulting in a
steam to carbon ratio of 1.5.  Aspen equilibrium reaction calculations show a minimum S/C ratio
of 1.6 at 600C (1 atm) to prevent carbon formation.   At  the end of 24 hour,  the pump was
returned to the full rate and the experiment continued until 92 cycles were complete.  Figure 108
shows the CO2 sorption capacity for the 92 cycles when the pump was a full rate and H2 > 90%.
Cycles with half the water flow rate are below 90%H2 and are not shown.  A trend line through
the data shows no permanent loss of sorption capacity due to a reduced water rate.  
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Figure 108:  CO2 Sorbent Capactiy of ECM255036 as a function of number of cycles [S/C­
3, GHSV­390 hr­1, TCout­600C, 1 atm]
In the second experiment, no water was allowed in the reactor for the first 10 cycles.  Methane
was delivered at the normal flow rate of 65 SCCM at 600C for 1 hour followed by a normal
regeneration cycle.     After 10 cycles, the water pump was started at the normal rate during the
regeneration stage and remained on for the remainder of the test.   Ten cycles translates to 30
hours without steam allowing time for soot to cover the catalyst and deposit in the pores.  Figure
109 shows the gas compositions over time, the average gas compositions when H2 is greater than
90% and the CO2 sorption capacity as a function of the number of cycles.  Figure 110 compares
the CO2 sorption capacity of the material under normal SSR conditions and no water the first 24
hours followed by normal SSR conditions.  The CO2 Sorption capacity shows no significant loss
of sorption capacity due to a reduced water rate.   Each graph shows the improvement in SSR
performance and CO2 capacity with each successive cycle once the water  is returned to  the
system.  
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Figure 109:  Effect of soot formation on H2 and CH4 concentrations plotted over time.
[Cycles 1 ­ 6:  S/C­0, GHSV­100 hr 1, TCout­600C, 1 atm]; [Remaining Cycles:  S/C­3,
GHSV­390 hr 1, TCout­600C, 1 atm]
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Figure 110:  CO2 Sorbent Capacity of ECM259018C800 with and without steam as a
function of number of cycles [S/C­3, GHSV­390 hr 1, TCout­600C, 1 atm]
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Calcination Conditions
Previous studies show calcination below 750ºC is too slow to be of interest and temperatures
above damage the materials due to sintering and loss of pore volume. However regeneration at
the higher temperatures is more efficient as shown in Figure 111 and may have applications for
powders rather than extrudates. However, regeneration temperatures exceeding 800ºC require
expensive metallurgy resulting in higher capital costs.  
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Figure 111:  Effect of temperature on de­sorption rate of CO2 [S/C­3, GHSV­390 hr 1,
TCout­600C, 1 atm]
Subtask 6.3:  First Reactor Tests 
The AutoSSR 1 kW reactor, located in Bay 54, was used to convert natural gas to H2 using a
reformer   that   combined   SMR,  WGS   and   purification   into   one   reactor.   Simulation   studies
indicate the method of regeneration is  the single most  important  factor  in system efficiency.
Different methods for regeneration can reduce system efficiency by more than 10%.   Various
regeneration control schemes listed below were tested.
• In­situ catalytic combustion gas regeneration 
a. Steam Methane Reforming (SMR) Catalyst 
b. Autothermal Reforming (ATR) Catalyst
c. Combustion Partial Oxidation (CPO) Catalyst
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• Metal Fiber Burner (MFB) combustion gas regeneration with Steam
• MFB combustion gas regeneration
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Procedure 
The reactor, described in subtask 5.3, was loaded with a mixture of steam reforming catalyst
(Engelhard)  and  sorbent   in  a  predetermined ratio.    The aspect   ratio  of   the packed bed was
maintained  greater   than  4.  Thermocouples   to  measure   the  vertical   temperature   profile  were
installed in the flange. The reactor was then flanged, leak tested and installed in the test bay. 
As a first step, the sorbent was calcined by heating the bed to regeneration temperature using
natural   gas   combustion   exhaust   from   catalytic   combustion.   The   calcination   converts   any
carbonate to oxide form. Reactor exhaust gases were analyzed using a mass spectrometer. The
concentration of CO2 in the exhaust and/or the temperature profile in the reactor acts as a good
indicator of extent of regeneration. 
Followed by the regeneration step, the reactor was purged and cooled with steam and nitrogen.
Nitrogen was used primarily to help with gas analysis. After purging, superheated natural gas
and steam were introduced into the reactor. The hydrogen concentration was measured using the
mass spectrometer. Declining H2 concentration with increasing methane and CO2 slip signaled
the end of AER.
After the AER step, the reactor was purged with steam and nitrogen to remove any hydrogen
from the system and cooled below the auto ignition temperature of natural gas.  The natural gas,
air and combustion heater were turned on to begin the ignition process.  
In­situ Catalytic Combustion Gas Regeneration
Three different catalysts were tested as the regeneration combustor catalyst.  All precious metal
catalysts were provided by the Engelhard Corporation.   The first generation process flow was
from top down.  
The first experiment used exclusively SMR catalyst mixed with the C3022­5­12.   A pre­heated
stream of natural gas and air were combined at sufficient temperatures to achieve light­off of the
SMR catalyst.    The  catalyst  mixed   throughout   the  bed  propagated   the   reaction   through   the
reactor. Although light­off was achieved, the start­up time took several hours. 
The top two inches of the SMR/C3022­5­12 mix was removed and replaced with ATR catalyst
cut up into ¼” cubes.   There wasn’t a significant improvement in the light off time due to by­
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passing of the catalyst.  Finally, the ATR catalyst was replaced with CPO pellets.  Five attempts
to light off the catalyst proved unsuccessful.  The natural gas line was checked for sulfur slip past
the sulfur trap.   Sulfur was detected.   The sulfur trap was replaced with fresh sorbent and put
back on line.  The unit was purged with heated nitrogen overnight.  
The unit was started the following morning.   There was good contact with the gas stream and
catalyst providing light­off.     Thermocouples (TC) 10 ­ 14 monitored the process temperature
with TC10 located at the inlet and TC 14 monitoring the exit of the reactor.   The process ran
continuously throughout the day producing two consecutive reforming cycles.  The gas analysis
and temperature data over the ten hour period is presented in Figure 112.  The design flow rate
used for the first cycle translates into 768 hr­1 gas hourly space velocity (GHSV).  The flow rate
was cut in half for the subsequent cycle due to the low natural gas conversion and low hydrogen
yield in the first cycle.  There wasn’t any noticeable improvement in the second cycle.  The low
conversion was mainly due to the severe radial heat losses.   The temperature differential from
TC10 – TC14 was approximately 300° C.  
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Figure 112:  Gas analysis and temperature data plotted with respect to time.  
August 19, 2004 
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Several major modifications were made to mitigate heat losses.     The process inlet and outlet
lines were switched to allow the large flange (heat sink) to be on the downstream side of the
reactor.    The reversed process   flow is  shown  in Schematic  4  below.    The pre­heaters were
aligned and installed directly below the inlet to the reactor to improve heat integration.   Other
minor modifications  included changing water pump manufacturers  to  reduce water slugging,
redesigning the manual user interface, and adding a Watchdog timer for unattended operations.
Fresh CPO, SMR and C3022­30­32 catalyst was loaded into the reactor.   Changes to the unit
significantly reduced the start up time from 4 hours to 30 minutes without steam addition to
transfer the heat.   Although the start up time was reduced, the temperature profile across the bed
indicated the need for additional insulation and heat trace.  
 
WATERCOLCTORMSS FLW NOLER RECTRST ANAYSISVPILHEXCHNGESS UPPLYGDNMIFI DDVAVHEK VALVEBKPEURE UIVU IDIMLVHMTTFWN2IK UI   ARSGO41 B IN3D
Schematic 4:  The reverse flow process AutoSSR 1 kW reactor in Bay 54
The reactor inlet was modified by the addition of a shower nozzle design as shown in Figure 113
below.  The alumina based insulating sleeve was replaced with material having “R­factor” thirty
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times   higher   than   the   original   alumina.    A   high   temperature   thermiculite   flexitallic   gasket
replaced the existing gasket sealing the flange of the reactor.   Additional heat trace was added.
The downstream piping was modified to allow a greater flow rate of combustion gases.  
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Figure 113:  Schematic of In­situ Catalytic reactor design with nozzle
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Tests following the modifications produced 90% H2 with consecutive start­up, reforming, and
regeneration. The gas composition analysis and TCexit temperature are plotted with respect to
time in Figure 114.   Reforming cycles were short and hydrogen purity low due to a reforming
steam temperature set­point of 500°C.  Temperatures in the top section of the bed (sorbent only)
weren’t sufficient to regenerate the catalyst.    However, the test run demonstrated that in­situ
catalytic combustion of natural gas can generate enough heat to regenerate the catalyst/sorbent
bed.   In addition, the test run demonstrated rapid reliable light­off in steam, the ability of the
control   system  to  maintain  a   stable   flame  front  and   the  ability   to   transition  smoothly   from
reforming   to  combustion.    A control   script  was  developed   toward   total  automation  without
manual intervention. 
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Figure 114:  Gas analysis and TC exit temperature plotted with respect to time.  11/11/04
Tests continued to improve the control strategy to prevent high temperature excursions that can
occur with endothermic CO2 evolution.   Additional reactor modifications were considered to
reduce   the  T  of  200°C from TC8 (preheater  exit)   to  TC6 (reactor   inlet)  and  balance   the
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electrical load on the system.   Figure 115 and 116 below show the gas compositional analysis
and reaction efficiency from a single cycle from a test run on 12/14/04.   Light off occurred at
330ºC and methane slip throughout the regeneration cycle remained below 1.6% indicating good
combustion catalyst activity.   Hydrogen concentration during the reforming reached >90% and
remained above 80% for 48 minutes.   Based on the reaction efficiency profile of the reforming 
cycle, the endothermic reaction, radial heat losses, and 600ºC steam reduced the CH4 conversion
efficiency while improving water­gas shift efficiency and CO2 fixing.     A higher inlet steam
temperature was required.   An Aerorod heater was ordered from Zeton to install directly into the
reactor to deliver steam and natural gas at the catalyst interface.   In the interim, a 316ss coil
replaced   the   straight   reforming   gas   delivery   line   to   eliminate  water   slugging   and   raise   the
temperature of the steam.   
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Figure 115:  A typical concentration profile during a reforming cycle.  11/11/04
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Figure 116:  Reaction Efficiency:  H2 > 80% plotted with respect to time
A 24 hour automated test was completed without operator interference with the new steam coil.
The regeneration cycle was followed by a 46 second steam purge.    Reforming  immediately
followed the steam purge with a S/C ratio of 3.5, reactor inlet temperature of 626°C and GHSV
of 896 hr­1.  The gas compositional analysis plotted over a 24 hour test period is in Figure 117
below.   Low hydrogen purity was the result of low CO2 sorption in a hot reactor bed.     The
purge   cycle  wasn’t   long   enough   to   allow   the   bed   to   cool   to   the   optimum  CO2   sorption
temperature for AER.  
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Figure 117:  Gas Compositional analysis plotted over a 24 hour automated test
The in­situ catalytic combustion design was used to test operating parameters such as S/C ratios
and temperature distribution in addition to sorbent durability.  Hydrogen purity reached 94% but
additional operational changes including the use of best available sorbent still to be implemented.
Tests of the first 1kw reactor revealed that the heat transfer rates using an electrical heater and
catalytic combustion during calcination was too slow to achieve reasonable throughput.   As a
result  the reactor was modified to use natural gas combustion as  the method for heating the
sorbent bed and driving off CO2.   It is expected that these changes would improve hydrogen
purity to the levels seen in the micro­reactor testing.
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Metal Fiber Burner (MFB) combustion gas regeneration with Steam
The AutoSSR 1 kW Unit in Bay 54 was modified and fitted with a Metal Fiber Burner (MFB)
for  gas  regeneration  described  in  Subtask  5.4:    Second 1 kW Reactor  Design.  The  reactor
schematics were identical except the reactor in Bay 54 is 5” shorter with a 11” catalyst bed.  The
process was similar except the Aerorod heater replaced the wick boiler as the steam super­heater.
Zeton designed built the Aerorod coil to provide steam delivery directly into the catalyst bed. In
addition, the unit was de­bottlenecked to allow for higher combustion gas flow.    A MOC was
completed.  Reactor internal modifications were made including the addition of a secondary air
line.  The Aerorod steam coil installed and additional control programming completed to control
the heater temperature.   During the reactor modifications, work on the control strategy led to
total automation via the executable code in the Fieldpoint Realtime® modules.   The same basic
procedure described in Subtask 5.4:  Second 1 kW Reactor Design was also used.
 
MASS FLOW CONTRLER WELCTRECORST ANAYSISVPILFTHEXCHNGS UPPLYGDMIFIDVAVHEK ALEBKPEURE UIVU INDIMLVHMTW2  ARIK UI  & DT N( I) GO41 I
Schematic 5:  AutoSSR 1 kW reactor with MFB in Bay 54
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Results
ECM259012 sorbent  material  and  Engelhard  Escat  326 were   loaded  in   the  AutoSSR 1  kW
reactor   fitted with a MFB in  Bay 54.      CSMP delivered 1.7 kg of   this  “standard”  material
calcined in a box furnace at 750ºC with a reported CO2TGA %Wt. Loss of 21% (See Appendix
A).  Figures 118, 119, and 120 show Average Reaction Efficiencies (H2>90%), the Average Gas
Composition, and the CO2 absorption capacity compared to micro­reactor (Weight Adjusted) of
the material with cycles. 
Average Reaction Efficiencies
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Figure 118:  Average Reaction Efficiencies of ECM259012
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Average Reformate Composition 
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Figure 119:  Average Reformate Composition of ECM259012 when H2 > 90%
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Figure 120:  CO2 absorption capacity of ECM259012 when H2 > 90%
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The   first   35   cycles   were   optimization   cycles.     The   optimum   feed   temperature   to   obtain
sustainable high H2 concentration depends on the heat balance.  The reaction temperature tends
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to decrease due to the heat imbalances of the endothermic steam reforming (H =­206kJ/mol)
and exothermic CO2 sorption (H =178kJ/mol), feed temperatures, initial bed temperature, shift
conversion,   and   heat   losses   in   the   adiabatic   reactor.     After   35   cycles,   small   incremental
improvements were made during each cycle to maximum H2 production. The Average Reaction
Efficiencies were determined for when H2>90%.  As evident from the figure, optimization of the
process continuously improved with time.  The cooler bed temperatures favor higher CO2 Fixing
Efficiencies   and   Water   Gas   Shift   efficiencies,   but   lowered   CH4   conversion.   The   H2
concentration  (H2>90%) averaged around 92 – 93% for each cycle.    As  the bed and steam
temperatures were optimized, the average methane slip decreased with each cycle.   
The lower capacity or missing data points in the graph were due to either upset conditions in the
inlet feed or loss of flow to the gas analysis equipment.     CO2 sorption the capacity of this
material decreased with cycles. The AutoSSR 1 kW unit had significantly higher CO2 sorption
capacity when compared to the micro­reactor tests.   Earlier studies report the decline in CO2
sorption capacity is due to calcination and sintering.  Earlier cycles on the AutoSSR 1 kW were
incomplete 1 hour cycles and a reduced regeneration cycles reducing time at high temperature.
Thus the decline in CO2 sorption capacity is less.  
Subtask 6.4:  Second Test Stand Modification and HAZOP 
Second test stand was built based on first test stand design with modifications to incorporate
metal fiber burner and a wick boiler. The modifications were then reviewed using a Management
of Change (MOC) procedure.  
Subtask 6.5:  Second Reactor Tests 
Second   reactor   was   used   to   test   absorption   enhanced   reforming   with   combustion   gas
regeneration. Three different materials were tested in Bay 68. 
Procedure
The reactor, described in subtask 5.4, was loaded with a mixture of steam reforming catalyst
(Engelhard)   and   sorbent   in   a   predetermined   ratio.  The   aspect   ratio   of   the  packed  bed  was
maintained  greater   than  4.  Thermocouples   to  measure   the  vertical   temperature   profile  were
installed in the flange. The reactor was then flanged, leak tested and installed in the test bay. 
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As a first step, the sorbent was calcined by heating the bed to regeneration temperature using
natural gas combustion exhaust from the metal fiber burner (MFB). The calcination converts any
carbonate to oxide form. Reactor exhaust gases were analyzed using a mass spectrometer. The
concentration of CO2 in the exhaust and/or the temperature profile in the reactor acts as a good
indicator of extent of regeneration.
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Followed by the regeneration step, the reactor was purged and cooled with steam and nitrogen.
Nitrogen was used primarily to help with gas analysis. After purging, superheated natural gas
and steam were introduced into the reactor. For our later test runs, the purging was continued till
the reactor temperature profile reached reforming conditions. The hydrogen concentration was
measured using the mass spectrometer and H2Scan®. The end of absorption enhanced reforming
was characterized by declining hydrogen concentration. For our first two test runs, we employed
shorter reforming­regeneration cycles to study the effect of cycling on CO2 absorption capacity.
However we realized  that   this   testing protocol  might   introduce artifact   in   the capacity  data,
especially in the earlier cycles. So for the last test run, the reforming step was carried out for 1
hour. Longer reforming step also results in longer regeneration step.
After   the   reforming   step,   the   reactor  was   purged  with   steam   and   nitrogen   to   remove   any
hydrogen from the system. Once purged, air was introduced into the burner to cool the burner
housing. After the burner housing is cooled below the auto ignition temperature of natural gas,
burner control module is turned on to begin the ignition process.  
All aspects of the above procedure was automated and controlled via the executable code in the
Fieldpoint  Realtime®  modules.  The control  code was also  programmed with safety sets   that
trigger shutdown of the unit in case of any parameter exceeding the safety limit. The safety sets
were programmed such that they were active either during a specific step or remain active over
any automated operation.
Figure 121 shows a typical concentration profile during a reforming cycle. 
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Figure X: Typical concentration profile during reforming step
Three materials were tested in the second 1 kW reactor design. The CO2  absorption capacity
reported in measured based on a reforming step producing hydrogen concentration of more than
90%.
Results
C4032­42­44 
This material was made in small quantities in a process designed for small batch production.
Figure 122 shows the CO2 absorption capacity of the material with cycles. 
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Figure 122:  CO2 absorption capacity of C3022­42­31
As evident from the figure, the capacity of this material is decreased with cycles and reached a
plateau after 60 cycles. The deviations in data showing higher capacity compared to the general
trend were due to longer regeneration period. The lower capacity data points in the graph were
due to either upset conditions in the inlet feed or loss of flow to the gas analysis equipment.   
ECM25­5036
This sorbent material is produced in a process designed for large scale production. Figure 123
shows  the CO2  absorption capacity  of   the material  between cycles 1­200. As seen from the
figure, the performance of the material  was not good up to 170 cycles. Upon inspection, we
found out water condensation on the sorbent near exit of the reactor. On further investigation,
this condensation was attributed to an unplanned shutdown during reforming step. This caused
steam condensation near the exit of the reactor. So, we modified our setup to provide a nitrogen
purge in case of an emergency shutdown to prevent this occurrence.
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Figure 123:  CO2 absorption capacity ECM25­5036 1­200 cycles
We replaced the sorbent and steam reforming catalyst from end of the reactor with fresh sorbent
and catalyst. Figure 124 shows the CO2 absorption capacity of the reactor after 200 cycles.
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Figure 124:  CO2 absorption capacity of ECM25­5036 > 200 cycles
The  performance  of   the   reactor   improved   significantly   after   170   cycles   but   showed   steady
decline. The absence of data between cycles 270 and 283 was due to unplanned shutdown of the
mass spectrometer. 
After 580 cycles,   the material  was subject   to steam soak process  in which  the material  was
exposed to steam at about 300­400 C for about 12 h. This process improved the performance of
the material significantly from 5% to 10% capacity. But, the steam soak could not retain this
improved performance.  Further   studies  with steam soak were done with our   third candidate
material.
ECM25­9013C
This   sorbent   material   was   also   produced   using   large   scale   production  method.   The   CO2
absorption capacity of the material is presented in Figure 125. 
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Figure 125:  CO2 absorption capacity for ECM25­9013C
The  lower capacity   in   the first  12 cycles  is  an artifact  of  shorter   reforming  time.  The CO2
capacity is higher with 1 hour reforming step, the design point for the reactor. As evident from
the   figure,   the  capacity  of   the  material  declined   steadily  with  cycles  barring   the  unplanned
shutdown due to balance of plant components. As mentioned in the testing procedure, the cycle
time for this material was 6 hours including the inter­step cooling as compared to cycle time of
1.5 hours for ECM25­5036. Hence, the rate of decline of this material seems more rapid than 
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ECM25­5036. But this is in accordance with the theory that the rate of decline in capacity is
proportional to the amount of time the sorbent is exposed to high temperature. 
During the course of the testing, we tested the effect of steam soak in recuperating the sorbent
capacity. As evident from the data, the steam soak does improve the performance significantly
but the following decline in capacity is more rapid. 
Conclusion 
The CO2 absorption capacity of the material made using large scale production method did not
meet the necessary capacity targets. In small scale production method, the capacity was stable at
15% but still lower than the original target of 30%. 
Subtask 6.6:  Third Test Stand Modification and HAZOP 
The third test stand was not constructed as we decided not to pursue the 5 kW reactor design and
testing.
Subtask 6.7   Third Reactor Tests 
The third test stand was not constructed as we decided not to pursue the 5 kW reactor design and
testing.
Task 7: 50kW Fuel Processor Construction 
Since we did not meet the Go/No­Go criteria in terms of expected thermal efficiency, it  was
decided not to pursue this task. 
Task 7:  50kW Fuel Processor Construction  
After the conversation with DOE program manager, it was decided that 50 kW fuel processor
will not be constructed.
Task 8:  50 kW Fuel Processor Testing
No work was done under this task due to decision on Task 7.
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Table 14:  Task Schedule
Page 201 of 405
Task Schedule
Task
Number
Project Milestones
Task Completion Date
Original
Plan
Revised
Planned Actual
Percent
Complete
Progress Notes
1
 Reforming Catalyst
Performance
09/30/04 09/30/04 09/30/04 100% Completed
2 Absorbent Performance 09/30/04 09/30/04 09/30/04 100% Completed
3
Integrated Materials
Performance
11/15/04 11/15/04 11/15/04 100% Completed
4
Catalyst Production 
Scale up
11/15/04 6/15/05 90%
Halted
5 Integrated Catalyst Delivery 8/15/05 8/15/05 20%
  Halted
6 Reactor concept modeling 07/06/04 07/06/04 2/1/05 100% Completed
7 Reactor Installation 11/12/04 11/12/04 1/15/05 100% Completed
8 Reactor Testing 08/03/05 08/03/05 75%
Halted
9 Reformer Installation 09/15/05 09/15/05 5%
Halted
10 Reformer Testing 10/01/06 10/1/06 0%
Halted
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Project Spending and Estimate of Future Spending
Quarter From To
Estimated
Federal
Share of
Outlays*
Actual
Federal
Share of
Outlays
Estimated
Recipient Share
of Outlays*
Actual
Recipient
Share of
Outlays
Estimated
Cumulative
  10/1/2003  12/31/2004  $1,929,000  $1,959,820  $1,182,000  $1,201,000  $3,161,000 
1Q05 1/1/2005  3/31/2005  $530,000  $401,060  $324,000  $245,991  $3,807,870 
2Q05 4/1/2005  6/30/2005  $467,000  $520,596  $286,000  $319,074  $4,719,000 
3Q05 7/31/2005  9/30/2005  $467,000  $455,853   $287,000  $279,393  $5,473,000 
4Q05 10/1/2005  12/31/2005  $664,000    $407,000    $6,554,000 
1Q06 1/1/2006  3/31/2006  $519,000    $318,000    $7,381,000 
2Q06 4/1/2006  6/30/2006  $520,000    $318,000    $8,219,000 
3Q06 7/31/2006  9/30/2006  $456,000    $280,000    $8,955,000 
Totals 10/1/2003  9/30/2006  $5,552,000  $3,337,329  $3,402,000  $2,045,458  $8,955,000 
Table 15:  Project Spending and Estimate of Future Spending
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NOMENCLATURE
ACM Aspen Custom Modeler®
AER Absorption Enhanced Reformer
ATR Autothermal Reforming
CPO Combustion Partial Oxidation
CTV Chevron Technology Ventures
CSMP Cabot Superior Micropowders
CE Calcined Extrusions
ETC Energy Technology Center
GHSV Gas Hourly Space Velocities
HAZOP Hazard and Operability Study
L/D Length/Diameter
LHV Lower Heating Valve
LSOP Laboratory Standard Operating Procedure
Mass Spec Mass Spectrometer
MCS Modular Cooling System
MFB Metal Fiber Burner
NI National Instruments Compaq Field Point
PEM Proton Exchange Membrane
PP Post Processing
PPE Pre­Procession Extrusion
PSA Pressure Swing Absorption
PSD Particle Size Distribution
RTC Richmond Technology Center
S/C Steam to Carbon Ratios
SEM Scanning Electron Microscopy
SMR Steam Methane Reforming
SSR Absorption Enhanced Reforming
TC Thermocouples
TCD Thermal Conductivity Detector
TCin Inlet Type K Thermocouple
TCout Outlet Type K Thermocouple
TEM Transmission Electron Microscopy
TES Texaco Energy Systems, LLC
TGA Thermogravimetric Analysis
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WGS Water­Gas Shift
XRD X­Ray Diffraction
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APPENDICIES
Data reported and graphed for when H2 concentration > 90%
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CO2 Sorption Catalyst
                                           
Composition CO 2  sorb
Post 
Processed 
Oven
Oven 
atmophere
Box Furnace 
Calcined 
(Air), °C
Extrudate 
Bulk 
Density, 
g/cc
Extrudate 
%Wt. Loss, 
CO2TGA
Crush 
strength, 
#/mm
Ramp 
Rate 10 
C/min & 
Hold 
time, hr
                                                   
Binder
ECM 25­5003 CaO (100) ITO Air 750 0.76 3.2 3.9 3 CSMP Comp + 15%Al203
ECM 25­5008 CaO/MgO (80/20) ITO Air 750 0.87 23.5 4.9 3 CSMP Comp + 15%Al203
ECM 25­5019 CaO/Al2O3 (95/5) ITO Air 750 0.83 3.6 6.1 3 CSMP Comp + 15%Al203
ECM 25­5021 CaO/Al2O3 (90/10) ITO Air 750 0.75 20.0 2.9 3 CSMP Comp + 10%Al203
ECM 25­5022 CaO/Al2O3 (90/10) ITO Air 750 0.83 20.0 2.7 3 CSMP Comp + 15%Al203
*ECM 25­5029 CaO­Al203 (95/5) ITO Air 750 0.83 18.1 3.4 3 CSMP Comp + 15%Al203
*ECM25­5036  CaO­Al203 (90/10) ITO Air 750 0.93 25.0 6.7 3 CSMP Comp + 15%Al203
ECM25­5061C300 CaO/Al2O3 (90/10) ITO Air 300 1.00 30.5 6.4 3 CSMP Comp + 15%Al203
ECM25­5061C500 CaO/Al2O3 (90/10) ITO Air 500 1.00 28.9 7.4 3 CSMP Comp + 15%Al203
ECM25­5061C750 CaO/Al2O3 (90/10) ITO Air 750 0.90 15.5 5.6 3 CSMP Comp + 15%Al203
ECM25­5061C800 CaO/Al2O3 (90/10) ITO Air 800 0.70 4.8 6.1 3 CSMP Comp + 15%Al203
ECM259­002­2C CaO/Al2O3 (90/10) Rotary 
Calciner
N2 750 0.89 23.0 6.5 66 min CSMP Comp + 15%Al203
ECM259­011C CaO/Al2O3 (90/10) Rotary 
Calciner
N2 750 0.80 16.0 5.3 33 min CSMP Comp + 15%Al203
*ECM259­012C CaO/Al2O3 (90/10) ITO Air 750 0.82 21.0 6.4 3 CSMP Comp + 15%Al203
*ECM259­013C CaO/Al2O3 (90/10) ITO Air 750 0.76 9.0 5.2 3 CSMP Comp + 15%Al203
*ECM259­018C800 CaO/Al2O3 (90/10) Rotary 
Calciner
N2 800 0.72 6.2 CSMP Comp + 15%Al203
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APPENDIX B
Carbon Conversion, Water Gas Shift and CO2 Fixing Efficiency
Calculations
The fundamental reactions and equations follows assuming one mole of CH4 is reformed
in the presence of excess H20 and CaO.  Further assume that x is the fraction of CH4 that
is reformed, y is the fraction of CO that is shifted to CO2, and z is the fraction of CO2
that is fixed by reaction with CaO.  Then:
Steam Reforming:  CH4 + H2O =>  xCO + 3xH2 + (1­x)CH4 + (1­x)H20
Water Gas Shift xCO + H2O => xyCO2 + xyH2 + (1­y)xCO + (1­xy)H20
Carbonation: CaO + xyCO2 => xyz CaCO3 + (1­xyz)CaO + (1­z)xyCO2
The dry gas compositions are given as (3x+xy) moles of H2, (1­x) moles of CH4, (1­y)x
moles of CO, and (1­z)xy moles of CO2.  Measured concentration of these four gases in
the reformate stream can be used  to  calculate   the conversion efficiencies   to  rank the
sorbents.    Mole ratio  equations of CH4,  CO and CO2 with respect  to  H2 are solved
simultaneously to obtain x,y, and z.  The variables x, y and z are calculated as functions
of the ratios of these gases due to inert gases such as N2, Argon (Ar) and others in the
reformate stream.  Since
 [CO]/[H2] = (1­y)x/(x(3+Y)
[CH4]/[H2] = (1­x)/(x(3+y))
[CO2]/[H2] = (1­z)xy/(x(3+y))
It follows the water gas shift conversion efficiency (WGS) is given by:
y = (1­3[CO]/[H2])/(1+[CO]/[H2])
The steam methane reforming reaction (CC) is given by:
Page 211 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
x = (1+(3+y)[CH4]/[H2]) ­1
Finally, the carbon dioxide fixing efficiency (CF) is given by:
z =1 – ((3+y)[CO2]/[H2])/y
Page 212 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Page 213 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
APPENDIX C
CO2  Sorption Catalyst C2873­29­32 C2873­29­34 C2873­30­25 C2873­31­33 C2873­32­30
Reforming Catalyst: 0.5% rhodium 
on Alumina 
CSMP C2873­19­31 CSMP C2873­19­31 CSMP C2873­19­31 Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Composition CO2  sorb CaO/MgO (50:50) CaO/MgO (50:50) CaO/MgO (50:50) CaO, 5%CaTiO3 CaOMgO­CaTiO3 (3:1 at.)
Binder CSMP Comp.+15% Al2O3 CSMP Comp.+15% Al2O3 CSMP Comp.+15% Al2O3 CSMP Comp.+15% Al2O3 CSMP Comp.+15% Al2O3
Batch No. HCM178138E HCM178138E PCM178033A HCY178138B HCZ178132C
Extruded by RTC RTC RTC RTC RTC
Oven Atmosphere Air Air Air Air Air
Calcined, C  500C   750C   500C   750C  750C 
Wt. CO2   extrudate, g 19.53 19.53 20.40 23.08 20.07
Vol. CO2   extrudate, cc 32.6 32.4 30.0 31.0 35.5
density CO2, g/cc 0.6 0.6 0.7 0.7 0.6
Wt. SMR Cat., g 3.9 3.9 4.3 4.6 4.0
Vol. SMR Cat., cc 6.5 6.5 6.6 7.0 7.0
density SMR, g/cc 0.6 0.7 0.6
Total Bed wt., g 23.44 23.44 24.72 27.69 24.07
Total Bed Vol., ml 39.1 38.9 36.6 38.0 42.5
Reactor R1 R1 R1 R1 R1
S/C 3 3 3 3 3
GHSV, hr­1 390 390 390 390 390
Reforming, °C 600 600 600 600 600
Calcination, °C 750 750 750 750 800
Pressure, atm 1 1 1 1 1
Crushed catalyst and sifted between 30 
and 20 mesh, to achieve approximately 
1/10 diameter of bed. No layers, mixed 
Crushed Crushed Crushed Crushed Extrudate
Note: SMP C2873­19­31 = SMP 
PCX178126A 0.5%Rh/Al2O3:Al2O3 
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CO2  Sorption Catalyst C2873­33­33 C2873­34­30 C2873­35­31 C2873­50­24 C2873­50­26 C3021­34­34
Reforming Catalyst: 0.5% rhodium 
on Alumina 
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
CSMP C2873­19­31 CSMP C2873­19­31 CSMP C2873­19­31 Engelhard Escat 326 (0.5%Rh 
on Alumina)
Composition CO2  sorb CaO­CaTiO3 (3:1 at.) Ca Oxalate, 5wt% Al2O3 Ca Oxalate, 5wt% Al2O3 CaO/MgO (80:20) CaO/MgO (80:20) CaO/MgO (55:45)
Binder CSMP Comp.+15% Al2O3 CSMP Comp.+15% Al2O3 CSMP Comp.+15% Al2O3 CSMP Comp.+15% Al2O3 CSMP Comp.+15% Al2O3 CSMP Comp.+15% Al2O3
Batch No. HCY178138C PCL178019A PCL178019C HCM178157D HCM178157D HCM178165E
Extruded by RTC RTC RTC RTC RTC RTC
Oven Atmosphere Air Air Air Air Air Air
Calcined, C 750C  750C   750C  750C 750C 500C
Wt. CO2   extrudate, g 20.09 19.59 19.52 19.56 19.55 25.01
Vol. CO2   extrudate, cc 34.0 31.6 22.4 34.1 35.0 33.7
density CO2, g/cc 0.6 0.6 0.9 0.6 0.6 0.7
Wt. SMR Cat., g 4.0 4.0 4.0 3.9 3.9 5.0
Vol. SMR Cat., cc 6.5 6.4 4.6 6.8 7.0 9.0
density SMR, g/cc 0.6 0.6 0.9 0.6 0.6 0.6
Total Bed wt., g 24.09 23.56 23.50 23.49 23.48 30.01
Total Bed Vol., ml 40.5 38.0 26.9 40.9 42.0 42.7
Reactor R1 R1 R1 R1 R1 R2
S/C 3 3 3 3 3 3
GHSV, hr­1 390 390 390 390 390 390
Reforming, °C 600 600 600 600 600 600
Calcination, °C 800 750 750 750 750 750
Pressure, atm 1 1 1 1 1 1
Crushed catalyst and sifted between 30 
and 20 mesh, to achieve approximately 
1/10 diameter of bed. No layers, mixed 
Extrudate Crushed Crushed Crushed Crushed Extrudate
Note: SMP C2873­19­31 = SMP 
PCX178126A 0.5%Rh/Al2O3:Al2O3 
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CO2 Sorption Catalyst C2873­29­32/Crushed Wt. CO2  extrudate, g 19.53 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) CSMP C2873­19­31 Vol. CO2  extrudate, cc 32.6 S/C 3
Composition CO2  sorb CaO/MgO (50:50) Density CO2, g/cc 0.6 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 3.91 Reforming, °C 600
Batch No. HCM178138E Vol. SMR Cat., cc 6.5 Calcination, °C 750
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 23.44
Calcined, C  500C  Total Bed Vol., ml 39.1
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 96.6 1.2 1.0 0.5 0.7 4624.97 95.7% 95.5% 97.0% 26.49 0.0056 0.15
2 95.4 2.1 1.3 0.5 0.7 4745.64 94.8% 92.0% 96.8% 26.57 0.0054 0.14
3 95.7 1.8 1.2 0.5 0.8 4855.15 95.0% 93.1% 96.7% 24.34 0.0055 0.13
4 96.0 1.6 1.2 0.5 0.8 4960.67 95.2% 94.0% 96.6% 23.29 0.0055 0.13
5 96.1 1.5 1.2 0.5 0.8 5068.90 95.2% 94.2% 96.6% 22.38 0.0055 0.12
6 96.0 1.5 1.2 0.5 0.8 5178.76 95.2% 94.1% 96.6% 21.80 0.0055 0.12
7 96.2 1.4 1.1 0.5 0.8 5288.53 95.3% 94.4% 96.6% 21.16 0.0055 0.12
8 96.2 1.4 1.1 0.5 0.8 5398.43 95.3% 94.4% 96.6% 20.90 0.0055 0.12
9 96.1 1.4 1.1 0.5 0.8 5508.69 95.3% 94.4% 96.6% 20.30 0.0055 0.11
10 96.1 1.5 1.1 0.5 0.8 5618.69 95.3% 94.3% 96.6% 20.01 0.0055 0.11
11 96.0 1.5 1.2 0.5 0.8 5728.68 95.2% 94.3% 96.6% 19.76 0.0055 0.11
12 96.0 1.5 1.2 0.5 0.8 5838.82 94.4% 93.6% 95.7% 19.77 0.0055 0.11
Page 217 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies C2873­29­32/Crushed & CSMP C2873­19­31
Average Reformate Composition  C2873­29­32/Crushed & CSMP C2873­19­31
gCO2 Sorbed per g Sorbent C2873­29­32/Crushed & CSMP C2873­19­31
Average Reaction Efficiencies
C2873­29­32/Crushed & CSMP C2873­19­31
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CO2  Sorption Catalyst C2873­29­34/Crushed Wt. CO2  extrudate, g 19.53 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) CSMP C2873­19­31 Vol. CO2  extrudate, cc 32.4 S/C 3
Composition CO2  sorb CaO/MgO (50:50) Density CO2, g/cc 0.6 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 3.91 Reforming, °C 600
Batch No. HCM178138E Vol. SMR Cat., cc 6.5 Calcination, °C 750
Extruded by RTC Density SMR, g/cc Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 23.44
Calcined, C  750C  Total Bed Vol., ml 38.9
 
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 94.6 2.2 1.7 0.5 0.9 1063.46 93.0% 91.6% 95.8% 39.32 0.0052 0.20
2 94.9 2.1 1.7 0.5 0.9 1198.09 93.1% 92.2% 96.0% 37.34 0.0053 0.20
3 94.9 2.0 1.7 0.5 0.9 1333.36 93.0% 92.4% 96.0% 36.90 0.0052 0.19
4 95.0 1.9 1.7 0.5 0.9 2028.53 92.9% 92.8% 95.8% 39.68 0.0053 0.21
5 95.2 1.7 1.7 0.5 0.9 2152.47 93.1% 93.4% 95.9% 36.81 0.0053 0.20
6 94.4 2.4 1.8 0.5 0.9 2278.43 92.5% 91.0% 96.0% 36.57 0.0052 0.19
7 94.7 2.2 1.8 0.5 0.9 2403.32 92.7% 91.8% 96.0% 34.59 0.0052 0.18
8 95.1 1.8 1.7 0.5 0.9 2527.22 92.9% 93.1% 95.9% 33.43 0.0053 0.18
9 95.2 1.7 1.7 0.5 0.9 2652.07 93.1% 93.4% 96.0% 32.01 0.0053 0.17
10 94.9 2.0 1.7 0.5 0.9 2777.58 92.9% 92.4% 95.9% 32.15 0.0052 0.17
11 95.5 1.4 1.7 0.4 1.0 2902.64 93.1% 94.5% 95.5% 31.56 0.0054 0.17
12 95.6 1.4 1.6 0.4 0.9 3027.36 93.5% 94.4% 95.9% 30.46 0.0054 0.16
13 95.2 1.7 1.7 0.5 1.0 3153.05 93.0% 93.5% 95.6% 30.63 0.0053 0.16
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Average Reaction Efficiencies C2873­29­34/Crushed & CSMP C2873­19­31
Average Reformate Composition  C2873­29­34/Crushed & CSMP C2873­19­31
gCO2 Sorbed per g Sorbent C2873­29­34/Crushed & CSMP C2873­19­31
Average Reaction Efficiencies
2873­29­34/Crushed &  SMP C2873­19­31
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CO2  Sorption Catalyst  C2873­30­25/Crushed Wt. CO2  extrudate, g 20.40 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) CSMP C2873­19­31 Vol. CO2  extrudate, cc 30.0 S/C 3
Composition CO2  sorb CaO/MgO (50:50) Density CO2, g/cc 0.7 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 4.32 Reforming, °C 600
Batch No. PCM178033A Vol. SMR Cat., cc 6.6 Calcination, °C 750
Extruded by RTC Density SMR, g/cc Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 24.72
Calcined, C  500C  Total Bed Vol., ml 36.6
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 92.4 4.0 1.3 1.7 0.6 228.91 94.3% 85.5% 97.1% 35.60 0.0044 0.16
2 91.9 4.4 1.5 1.4 0.8 398.93 93.5% 84.2% 96.1% 34.03 0.0043 0.15
3 91.8 4.3 1.5 1.6 0.8 557.65 93.6% 84.4% 96.4% 31.50 0.0043 0.14
4 90.8 5.1 1.7 1.5 0.9 717.79 92.5% 82.0% 95.6% 31.57 0.0041 0.13
5 90.2 5.4 1.7 1.8 0.8 877.22 92.4% 81.0% 96.1% 30.18 0.0041 0.12
6 88.4 7.0 1.8 2.0 0.7 1037.28 91.9% 76.3% 96.6% 30.37 0.0038 0.12
7 88.3 7.0 1.9 2.1 0.7 1196.79 91.6% 76.5% 96.5% 29.00 0.0038 0.11
8 88.3 7.1 1.9 2.0 0.7 1356.13 91.7% 76.2% 96.6% 27.81 0.0038 0.11
9 87.4 8.2 1.7 2.1 0.6 1501.88 92.5% 73.1% 97.2% 25.94 0.0037 0.10
10 87.8 7.9 1.7 2.0 0.6 1661.08 92.4% 74.1% 96.9% 24.95 0.0038 0.09
Page 221 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies  C2873­30­25/Crushed & CSMP C2873­19­31
Average Reformate Composition   C2873­30­25/Crushed & CSMP C2873­19­31
gCO2 Sorbed per g Sorbent  C2873­30­25/Crushed & CSMP C2873­19­31
Average Reaction Efficiencies
 C2873­30­25/Crushed & CSMP C2873­19­31
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst C2873­31­33/Crushed Wt. CO2  extrudate, g 23.08 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Escat 326 Vol. CO2  extrudate, cc 31.0 S/C 3
Composition CO2  sorb CaO, 5%CaTiO3 Density CO2, g/cc 0.7 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 4.61 Reforming, °C 600
Batch No. HCY178138B Vol. SMR Cat., cc 7.0 Calcination, °C 750
Extruded by RTC Density SMR, g/cc 0.7 Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 27.69
Calcined, C  750C  Total Bed Vol., ml 38.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 94.8 3.1 0.9 0.7 0.5 385.77 96.4% 88.5% 97.9% 59.88 0.0045 0.27
2 93.1 4.3 1.1 0.9 0.6 556.19 95.3% 84.7% 97.5% 60.13 0.0042 0.26
3 92.7 4.5 1.2 1.0 0.6 722.45 94.9% 84.0% 97.3% 53.88 0.0042 0.23
4 92.7 4.4 1.3 1.0 0.6 890.05 94.6% 84.3% 97.2% 46.41 0.0042 0.19
5 92.8 4.3 1.4 0.9 0.6 1058.82 94.1% 84.7% 97.2% 45.26 0.0042 0.19
6 93.0 4.0 1.4 0.9 0.6 1226.54 94.2% 85.5% 97.2% 40.20 0.0042 0.17
7 92.8 4.1 1.5 1.0 0.6 1396.25 93.7% 85.3% 97.2% 41.11 0.0042 0.17
8 93.1 3.8 1.5 1.0 0.6 1565.20 93.7% 86.3% 97.1% 39.00 0.0042 0.17
9 93.2 3.7 1.5 0.9 0.7 1734.61 93.5% 86.6% 97.1% 37.94 0.0042 0.16
10 92.9 4.0 1.5 1.0 0.6 1903.52 93.7% 85.7% 97.2% 34.91 0.0042 0.15
11 92.8 4.0 1.5 1.0 0.6 2073.09 93.5% 85.5% 97.2% 34.80 0.0042 0.15
12 92.8 3.9 1.5 1.0 0.6 2242.49 93.5% 85.7% 97.2% 32.77 0.0042 0.14
13 93.0 3.8 1.6 1.0 0.6 2412.04 93.4% 86.1% 97.2% 32.83 0.0042 0.14
14 93.0 3.8 1.6 1.0 0.6 2581.95 93.4% 86.2% 97.2% 31.66 0.0042 0.13
15 93.1 3.6 1.6 1.0 0.6 2751.33 93.3% 86.7% 97.1% 31.76 0.0042 0.13
Page 223 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies C2873­31­33/Crushed & Escat 326
Average Reformate Composition  C2873­31­33/Crushed & Escat 326
gCO2 Sorbed per g Sorbent C2873­31­33/Crushed & Escat 326
Average Reaction Efficiencies
C2873­31­33/Crushed & Escat 326
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst C2873­32­30 Wt. CO2  extrudate, g 20.07 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Escat 326 Vol. CO2  extrudate, cc 35.5 S/C 3
Composition CO2  sorb CaOMgO­CaTiO3 Density CO2, g/cc 0.6 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 4.00 Reforming, °C 600
Batch No. HCZ178132C Vol. SMR Cat., cc 7.0 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 24.07
Calcined, C 750C  Total Bed Vol., ml 42.5
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 92.2 4.7 0.9 1.5 0.6 952.86 96.1% 83.2% 97.2% 29.64 0.0048 0.14
2 91.3 5.7 0.8 1.5 0.6 1144.22 85.0% 71.4% 85.9% 11.39 0.0042 0.05
3 91.2 5.7 0.8 1.7 0.6 1314.54 96.5% 80.4% 97.4% 12.12 0.0047 0.06
4 91.4 5.8 0.8 1.4 0.6 1488.74 96.4% 80.0% 97.5% 20.78 0.0047 0.10
5 91.7 5.4 0.9 1.4 0.6 1662.30 96.2% 81.1% 97.4% 27.86 0.0047 0.13
6 92.1 5.2 0.9 1.2 0.6 1834.04 96.0% 81.7% 97.4% 31.12 0.0047 0.15
7 92.5 4.8 1.0 1.1 0.6 2005.16 95.7% 83.1% 97.3% 32.40 0.0048 0.16
8 92.8 4.3 1.1 1.1 0.6 2174.83 95.4% 84.5% 97.2% 34.00 0.0049 0.17
9 93.0 4.2 1.1 1.1 0.7 2344.44 95.4% 85.1% 97.2% 32.50 0.0049 0.16
10 93.0 4.3 1.1 1.0 0.6 9384.14 95.2% 84.5% 97.6% 34.29 0.0049 0.17
11 93.1 4.2 1.2 1.0 0.6 9553.77 95.1% 85.1% 97.4% 32.84 0.0049 0.16
12 93.0 4.2 1.1 1.0 0.6 9693.44 95.3% 84.8% 97.3% 32.08 0.0049 0.16
13 93.2 4.0 1.2 1.0 0.6 9833.27 95.0% 85.6% 97.2% 30.95 0.0049 0.15
14 93.2 4.0 1.2 1.0 0.7 9972.98 94.9% 85.6% 97.1% 30.98 0.0049 0.15
15 93.4 3.8 1.1 1.0 0.7 10111.80 94.7% 85.8% 96.6% 29.28 0.0049 0.14
16 93.3 3.8 1.2 1.0 0.7 10252.16 94.8% 86.2% 97.1% 29.16 0.0049 0.14
17 93.4 3.7 1.2 1.0 0.7 10391.52 94.8% 86.4% 97.1% 28.57 0.0049 0.14
18 93.2 3.8 1.3 1.0 0.7 10531.76 94.6% 86.1% 97.0% 27.78 0.0049 0.14
19 93.7 3.4 1.3 0.9 0.7 10671.26 94.6% 87.7% 96.9% 25.99 0.0050 0.13
20 93.4 3.7 1.3 0.9 0.7 10811.77 94.5% 86.4% 96.9% 24.34 0.0049 0.12
21 93.3 3.7 1.4 1.0 0.7 10951.17 94.2% 86.6% 96.9% 25.96 0.0049 0.13
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies C2873­32­30 & Escat 326
Average Reformate Composition  C2873­32­30 & Escat 326
gCO2 Sorbed per g Sorbent C2873­32­30 & Escat 326
Average Reaction Efficiencies
C2873­32­30 & Escat 326
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst C2873­33­33 Wt. CO2  extrudate, g 20.09 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Escat 326 Vol. CO2  extrudate, cc 34.0 S/C 3
Composition CO2  sorb CaO­CaTiO3 (3:1 at.) Density CO2, g/cc 0.6 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 4.00 Reforming, °C 600
Batch No. HCY178138C Vol. SMR Cat., cc 6.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 24.09
Calcined, C 750C  Total Bed Vol., ml 40.5
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 92.7 3.5 1.9 1.2 0.7 2951.31 91.9% 87.3% 97.0% 22.50 0.0046 0.10
2 92.5 4.2 1.5 1.2 0.6 3129.31 93.5% 85.0% 97.3% 21.15 0.0045 0.10
3 92.6 4.0 1.6 1.1 0.6 3310.12 93.4% 85.4% 97.2% 22.00 0.0046 0.10
4 92.8 3.8 1.6 1.1 0.7 3490.27 93.0% 86.2% 97.1% 23.36 0.0046 0.11
5 93.1 3.5 1.6 1.1 0.6 3670.57 93.0% 87.1% 97.1% 23.39 0.0046 0.11
6 93.3 3.3 1.7 1.0 0.7 3850.47 92.8% 87.8% 97.0% 24.21 0.0046 0.11
7 92.9 3.7 1.7 1.1 0.7 4030.03 92.8% 86.6% 97.0% 22.09 0.0046 0.10
8 93.9 2.9 1.5 1.1 0.7 4208.43 93.7% 89.3% 97.0% 22.86 0.0048 0.11
9 93.5 3.0 1.8 1.0 0.7 4390.51 92.6% 88.8% 96.9% 23.40 0.0047 0.11
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies C2873­33­33 & Escat 326
Average Reformate Composition  C2873­33­33 & Escat 326
gCO2 Sorbed per g Sorbent C2873­33­33 & Escat 326
Average Reaction Efficiencies
C2873­33­33 & Escat 326
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst C2873­34­30/Crushed Wt. CO2  extrudate, g 19.59 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) C2873­19­31 Vol. CO2  extrudate, cc 31.6 S/C 3
Composition CO2  sorb Ca Oxalate, 5wt% Al2O3 Density CO2, g/cc 0.6 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 3.97 Reforming, °C 600
Batch No. PCL178019A Vol. SMR Cat., cc 6.4 Calcination, °C 750
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 23.56
Calcined, C 750C  Total Bed Vol., ml 38.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 96.6 1.3 1.0 0.3 0.8 1472.58 95.9% 94.9% 96.7% 57.36 0.0055 0.31
2 95.3 2.4 1.2 0.5 0.7 1643.77 95.1% 91.1% 97.1% 59.01 0.0052 0.31
3 95.2 2.3 1.3 0.5 0.7 1805.52 93.8% 90.6% 96.0% 59.85 0.0052 0.31
4 95.6 2.0 1.3 0.4 0.7 1965.41 94.1% 92.0% 96.2% 57.26 0.0052 0.30
5 95.3 2.2 1.3 0.4 0.7 2126.27 94.6% 91.5% 96.8% 55.97 0.0052 0.29
6 95.7 1.9 1.3 0.4 0.7 2286.19 94.8% 92.7% 96.8% 53.88 0.0053 0.28
7 95.6 2.0 1.2 0.4 0.7 2446.77 94.9% 92.3% 96.8% 53.20 0.0053 0.28
8 96.0 1.9 1.0 0.5 0.6 2602.58 96.1% 92.7% 97.3% 51.07 0.0054 0.27
9 95.5 2.0 1.3 0.4 0.7 2768.83 94.6% 92.3% 96.8% 50.89 0.0053 0.27
10 94.8 2.6 1.3 0.5 0.7 2930.26 94.4% 90.2% 96.8% 51.66 0.0051 0.26
11 95.8 2.0 1.2 0.4 0.6 203.05 94.9% 92.6% 97.3% 50.26 0.0053 0.27
12 95.5 2.1 1.3 0.4 0.6 405.96 94.6% 92.1% 97.1% 52.50 0.0053 0.28
13 95.3 2.2 1.3 0.4 0.8 567.93 94.5% 91.6% 96.6% 54.50 0.0052 0.28
14 95.3 2.3 1.3 0.5 0.7 727.51 94.7% 91.2% 97.0% 52.17 0.0052 0.27
15 96.0 1.8 1.1 0.4 0.7 887.82 95.3% 93.0% 97.0% 50.84 0.0053 0.27
16 95.9 2.0 1.1 0.4 0.6 1048.08 95.5% 92.5% 97.2% 47.61 0.0053 0.25
17 95.1 2.3 1.3 0.4 0.8 1211.56 94.5% 91.3% 96.4% 53.11 0.0052 0.27
18 95.7 2.1 1.2 0.4 0.7 1371.00 95.0% 92.1% 97.1% 49.32 0.0053 0.26
Page 229 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies C2873­34­30/Crushed & C2873­19­31
Average Reformate Composition  C2873­34­30/Crushed & C2873­19­31
gCO2 Sorbed per g Sorbent C2873­34­30/Crushed & C2873­19­31
Average Reaction Efficiencies
C2873­34­30/Crushed & C2873­19­31
80%
82%
84%
86%
88%
90%
92%
94%
96%
98%
100%
0 2 4 6 8 10 12 14 16 18 20
Cycle
Av
er
ag
e 
Co
nv
er
si
on
 
Ef
fic
ie
nc
y,
 %
Shift Conversion Methane Conversion CO2 Fixing
Average Reformate Composition 
C2873­34­30/Crushed & C2873­19­31
0.0
1.0
2.0
3.0
4.0
5.0
0 2 4 6 8 10 12 14 16 18 20
Cycle
M
ol
e 
%
 C
H4
, C
O
, 
CO
2 
& 
N2
90.0
92.0
94.0
96.0
98.0
100.0
M
ol
e 
%
 H
2
CH4 CO N2 CO2 H2
gCO2 Sorbed per g Sorbent
C2873­34­30/Crushed & C2873­19­31
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0 5 10 15 20
Cycle
gC
O
2/
gS
or
be
nt
Page 230 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst C2873­35­31/Crushed Wt. CO2  extrudate, g 19.52 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) SMP C2873­19­31 Vol. CO2  extrudate, cc 22.4 S/C 3
Composition CO2  sorb Ca Oxalate, 5wt% Al2O3 Density CO2, g/cc 0.9 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 3.98 Reforming, °C 600
Batch No. PCL178019C Vol. SMR Cat., cc 4.6 Calcination, °C 750
Extruded by RTC Density SMR, g/cc 0.9 Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 23.50
Calcined, C  750C  Total Bed Vol., ml 26.9
   
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1
2
3
4
5 95.6 1.2 1.8 0.4 0.9 1496.92 92.4% 95.2% 95.6% 101.15 0.0037 0.38
6 95.7 1.2 1.8 0.4 0.9 1723.33 92.8% 95.2% 95.8% 99.62 0.0037 0.37
7 92.4 2.8 3.2 0.5 1.1 126.81 86.7% 89.6% 94.6% 92.84 0.0032 0.30
8 91.4 3.3 3.6 0.5 1.1 379.51 83.6% 86.3% 92.9% 90.97 0.0031 0.28
9 91.8 3.1 3.4 0.5 1.1 630.24 85.7% 88.5% 94.4% 88.11 0.0032 0.28
10 91.7 3.2 3.4 0.6 1.1 883.08 84.6% 86.9% 93.2% 87.38 0.0031 0.27
11 91.6 3.4 3.4 0.6 1.1 1133.39 85.5% 87.3% 94.1% 82.52 0.0031 0.26
12 92.3 3.0 3.1 0.5 1.1 1385.77 87.1% 88.8% 94.7% 79.46 0.0032 0.26
13 91.9 3.2 3.2 0.6 1.1 1639.12 86.4% 88.2% 94.5% 80.20 0.0032 0.25
Cycle 1 ­ 4: 200C Steam Soak
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies C2873­35­31/Crushed & SMP C2873­19­31
Average Reformate Composition  C2873­35­31/Crushed & SMP C2873­19­31
gCO2 Sorbed per g Sorbent C2873­35­31/Crushed & SMP C2873­19­31
Average Reaction Efficiencies
C2873­35­31/Crushed & SMP C2873­19­31
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CO2  Sorption Catalyst C2873­50­24/Crushed Wt. CO2  extrudate, g 19.56 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) SMP C2873­19­31 Vol. CO2  extrudate, cc 34.1 S/C 3
Composition CO2  sorb CaO/MgO (80:20) Density CO2, g/cc 0.6 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 3.93 Reforming, °C 600
Batch No. HCM178157D Vol. SMR Cat., cc 6.8 Calcination, °C 750
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 23.49
Calcined, C 750C Total Bed Vol., ml 40.9
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 96.0 1.8 1.1 0.6 0.5 290.63 95.6% 93.0% 97.8% 39.92 0.0058 0.23
2 95.5 2.3 1.1 0.6 0.5 491.50 95.5% 91.3% 97.7% 38.01 0.0057 0.22
3 95.4 2.3 1.1 0.6 0.6 692.63 95.6% 91.4% 97.5% 36.84 0.0057 0.21
4 96.6 1.4 1.0 0.5 0.6 893.16 96.0% 94.5% 97.5% 34.41 0.0059 0.20
5 96.1 1.9 0.9 0.6 0.5 1093.98 96.4% 92.9% 97.7% 33.16 0.0058 0.19
6 96.3 1.6 1.0 0.5 0.6 1236.19 96.0% 93.8% 97.5% 30.29 0.0059 0.18
7 96.3 1.6 1.0 0.5 0.6 1376.46 95.9% 94.0% 97.4% 28.97 0.0059 0.17
8 96.2 1.6 1.0 0.6 0.6 1516.31 95.8% 93.9% 97.5% 28.19 0.0059 0.17
9 96.3 1.5 1.0 0.6 0.6 1656.79 95.9% 94.2% 97.4% 27.34 0.0059 0.16
Cycle 10 ­ 15 with 200C Steam
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Average Reaction Efficiencies C2873­50­24/Crushed & SMP C2873­19­31
Average Reformate Composition  C2873­50­24/Crushed & SMP C2873­19­31
Missing 6 cycles (Stream Off)
gCO2 Sorbed per g Sorbent C2873­50­24/Crushed & SMP C2873­19­31
Average Reaction Efficiencies
C2873­50­24/Crushed & SMP C2873­19­31
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CO2  Sorption Catalyst C2873­50­26/Crushed Wt. CO2  extrudate, g 19.55 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) CSMP C2873­19­31 Vol. CO2  extrudate, cc 35.0 S/C 3
Composition CO2  sorb CaO/MgO (80:20) Density CO2, g/cc 0.6 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 3.93 Reforming, °C 600
Batch No. HCM178157D Vol. SMR Cat., cc 7.0 Calcination, °C 750
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 23.48
Calcined, C 750C Total Bed Vol., ml 42.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 96.0 1.8 1.1 0.6 0.5 290.63 95.6% 93.0% 97.8% 39.92 0.0058 0.23
2 95.5 2.3 1.1 0.6 0.5 491.50 95.5% 91.3% 97.7% 38.01 0.0057 0.22
3 95.4 2.3 1.1 0.6 0.6 692.63 95.6% 91.4% 97.5% 36.84 0.0057 0.21
4 96.6 1.4 1.0 0.5 0.6 893.16 96.0% 94.5% 97.5% 34.41 0.0059 0.20
5 96.1 1.9 0.9 0.6 0.5 1093.98 96.4% 92.9% 97.7% 33.16 0.0058 0.19
6 96.3 1.6 1.0 0.5 0.6 1236.19 96.0% 93.8% 97.5% 30.29 0.0059 0.18
7 96.3 1.6 1.0 0.5 0.6 1376.46 95.9% 94.0% 97.4% 28.97 0.0059 0.17
8 96.2 1.6 1.0 0.6 0.6 1516.31 95.8% 93.9% 97.5% 28.19 0.0059 0.17
9 96.3 1.5 1.0 0.6 0.6 1656.79 95.9% 94.2% 97.4% 27.34 0.0059 0.16
Cycle 10 ­ 15 with 200C Steam
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Average Reaction Efficiencies C2873­50­26/Crushed & CSMP C2873­19­31
Average Reformate Composition  C2873­50­26/Crushed & CSMP C2873­19­31
gCO2 Sorbed per g Sorbent C2873­50­26/Crushed & CSMP C2873­19­31
Average Reaction Efficiencies
2873­50­26/Crushed &  SMP C2873­19­31
80%
82%
84%
86%
88%
90%
92%
94%
96%
98%
100%
0 1 2 3 4 5 6 7 8 9 10
Cycle
Av
er
ag
e 
Co
nv
er
si
on
 E
ffi
ci
en
cy
, 
%
Shift Conversion Methane Conversion CO2 Fixing
Average Reformate Composition 
C2873­50­26/Crushed & CSMP C2873­19­31
0.0
1.0
2.0
3.0
4.0
5.0
0 1 2 3 4 5 6 7 8 9 10
Cycle
M
ol
e 
%
 C
H4
, C
O
, 
CO
2 
& 
N2
90.0
92.0
94.0
96.0
98.0
100.0
M
ol
e 
%
 H
2
CH4 CO N2 CO2 H2
gCO2 Sorbed per g Sorbent
C2873­50­26/Crushed & CSMP C2873­19­31
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0 1 2 3 4 5 6 7 8 9 10
Cycle
gC
O
2/
gS
or
be
nt
Page 236 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst C3021­34­34 Wt. CO2  extrudate, g 25.01 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard 326  Vol. CO2  extrudate, cc 33.7 S/C 3
Composition CO2  sorb CaO/MgO (55:45) Density CO2, g/cc 0.7 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 5.00 Reforming, °C 600
Batch No. HCM178165E Vol. SMR Cat., cc 9.0 Calcination, °C 750
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Oven Atmosphere Air Total Bed Wt., g 30.01
Calcined, C 500C Total Bed Vol., ml 42.7
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 88.1 7.5 2.0 1.6 0.8 193.93 91.2% 75.1% 95.8% 43.70
2 87.1 8.1 2.1 1.9 0.8 382.95 90.7% 73.4% 96.1% 43.50
3 88.4 7.1 2.0 1.5 0.8 572.34 90.9% 76.1% 95.7% 38.50
4 87.6 7.8 2.2 1.6 0.9 761.92 90.1% 74.6% 95.6% 40.22
5 86.3 9.0 2.2 1.9 0.7 951.87 90.2% 71.2% 96.4% 38.76
6 86.5 8.4 2.4 2.0 0.8 89.3% 72.6% 96.0% 36.73
7 95.4 2.2 1.2 0.7 0.6 95.1% 91.6% 97.6% 31.38 0.0043 0.13
8 94.8 2.5 1.3 0.8 0.6 94.8% 90.6% 97.3% 29.84 0.0042 0.13
9 94.6 2.9 1.2 0.7 0.6 95.0% 89.3% 97.5% 27.60 0.0042 0.12
10 94.5 2.9 1.3 0.7 0.6 94.5% 89.3% 97.4% 27.55 0.0041 0.11
11 94.5 2.8 1.2 0.9 0.6 94.8% 89.7% 97.5% 26.28 0.0042 0.11
12 94.6 2.8 1.3 0.7 0.6 94.7% 89.7% 97.4% 25.18 0.0042 0.11
13 94.6 2.6 1.3 0.8 0.6 94.4% 90.1% 97.3% 25.10 0.0042 0.10
14 94.8 2.5 1.3 0.8 0.6 94.6% 90.7% 97.3% 24.63 0.0042 0.10
15 94.4 2.7 1.4 0.9 0.7 94.2% 89.9% 97.0% 25.06 0.0041 0.10
16 94.3 2.9 1.3 0.8 0.6 94.4% 89.3% 97.2% 24.44 0.0041 0.10
17 94.3 2.8 1.3 0.9 0.6 94.4% 89.4% 97.3% 24.03 0.0041 0.10
18 94.7 2.6 1.3 0.8 0.6 94.6% 90.2% 97.4% 23.38 0.0042 0.10
19 95.1 2.1 1.3 0.9 0.6 94.7% 92.0% 97.2% 23.05 0.0043 0.10
20 94.4 2.8 1.3 0.9 0.6 94.3% 89.6% 97.3% 22.43 0.0042 0.09
21 94.4 2.8 1.3 0.8 0.6 94.3% 89.5% 97.3% 22.23 0.0041 0.09
22 93.6 3.4 1.4 1.0 0.6 94.2% 87.6% 97.3% 22.19 0.0040 0.09
23 94.3 3.0 0.9 1.2 0.6 96.0% 88.9% 97.5% 17.41 0.0042 0.07
24 93.3 3.5 1.5 1.0 0.6 93.5% 87.3% 97.2% 20.04 0.0040 0.08
Inlet 424 C; Outlet 601 C (Cycles 1­6)
Inlet 366 C; Outlet 601 C (Cycles 7­24)
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Average Reaction Efficiencies C3021­34­34 & Engelhard 326 
Average Reformate Composition  C3021­34­34 & Engelhard 326 
gCO2 Sorbed per g Sorbent C3021­34­34 & Engelhard 326 
Average Reaction Efficiencies
C3021­34­34 & Engelhard 326 
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CO2 Sorption Catalyst CSMP 3021­28­29 IF CSMP C3021­28­20 IF CSMP C3021­28­22 IF CSMP C3021­28­24 IF CSMP C3021­28­31 IF CSMP C3021­28­33 IF CSMP C3021­28­35 IF
Reforming Catalyst  Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Reactor R1 R1 R2 R1 R2 R1 R2
Date loaded 6/4/2004 8/13/2004 8/13/2004 9/8/2004 9/8/2004 9/10/2004 9/10/2004
Date unloaded 6/14/2004   8/19/2004 9/10/2004 9/18/2004 9/16/2004 9/16/2004
Composition CO2  sorb 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt
(CaO/MgO) (50:50CaO/MgO):(0.5wt%Rh/ (50:50CaO/MgO):(0.5wt%Rh/ (50:50CaO/MgO):(0.5wt%Rh/ (50:50CaO/MgO):(0.5wt%Rh/ (50:50CaO/MgO):(0.5wt%Rh/Al (50:50CaO/MgO):(0.5wt%Rh/ (50:50CaO/MgO):(0.5wt%Rh/
Batch No. HCl178144B HCl178147C HCl178148A HCl178148B HCl178144C HCl178144D HCl178144E
Extruded by RTC RTC RTC RTC RTC RTC RTC
Powder Post Processed, °C 500 750 750 750 500 500 500
Calcined, °C 2 hrs @ 450°C 2 hrs @ 450°C 2 hrs @ 450°C 2 hrs @ 450°C 2 hrs @ 450°C 2 hrs @ 450°C 2 hrs @ 450°C
Tot wt. Of cat., g 29.5 29.4 36.28 34.69 27.3 26.61 31.61
Tot vol. Of cat., ml 40 40 40 40 40 40 40
Bulk density of cat., g/cc 0.7375 0.735 0.907 0.86725 0.6825 0.66525 0.79025
wt. CO2   extrudate, g 25 24.9 31.78 30.19 22.8 22.11 27.11
wt. Rh extrudate, g 4.5 4.5 4.5 4.5 4.5 4.5 4.5
Bulk density of Rh 0.6 0.6 0.6 0.6 0.6 0.6 0.6
GHSV, hr­1 390 390 390 390 390 390 390
Reforming, °C 600 600 600 600 600 600 600
Desorption, °C 800 800 800 800 800 800 800
Average Reformate Composition (Cycle 1)
Average Mole % H2 57.58 95.47 94.69 94.05 94.19 95.31 93.77
Average Mole % CH4 31.02 1.45 1.65 1.89 2.51 1.49 3.10
Average Mole % CO 1.20 1.52 1.66 1.87 1.48 0.90 1.41
Average Mole % CO2 9.45 0.67 0.78 0.53 0.45 1.17 0.62
Average Mole % N2 0.73 0.87 1.21 1.64 1.33 1.09 1.08
Conversion Efficiencies Calculated from Average Reformate Compotition             
Shift Conversion (WGS) 0.91 0.94 0.93 0.92 0.94 0.96 0.94
CH4  Conversion (CC) 0.36 0.94 0.94 0.93 0.91 0.94 0.88
CO2   Sorption or Fixing (CF) 0.95 0.96 0.95 0.93 0.94 0.95 0.95
Catalyst Extrudate Shape  
Average Reformate Composition (Cycle 10) 
Average Mole % H2 95.44 94.68 95.07 95.07
Average Mole % CH4 1.44 1.81 1.92 2.23
Average Mole % CO 1.39 1.53 1.14 1.16
Average Mole % CO2 0.81 0.88 0.66 0.50
Average Mole % N2 0.90 1.08 1.18 1.00
Conversion Efficiencies Calculated from Average Reformate Compotition       
Shift Conversion (WGS) 0.94 0.94 0.95 0.95
CH4  Conversion (CC) 0.94 0.93 0.93 0.92
CO2   Sorption or Fixing (CF) 0.96 0.95 0.95 0.96
Catalyst Extrudate Shape
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CO2  Sorption Catalyst CSMP 2873­29­36 IF CSMP C3021­28­16 IF CSMP C3021­28­18 IF CSMP C3021­28­20 IF CSMP C3021­28­22 IF CSMP C3021­28­24 IF
Reforming Catalyst  CSMP 2873­29­36 IF CSMP C3021­28­16 IF CSMP C3021­28­16 IF Engelhard Escat 326 
(0.5%Rh on Alumina)
Engelhard Escat 326 
(0.5%Rh on Alumina)
Engelhard Escat 326 
(0.5%Rh on Alumina)
Composition CO2  sorb 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt
CaO/MgO (50:50CaO/MgO):(0.5wt%Rh/
Al2O3)
(50:50CaO/MgO):(0.5wt%Rh/
Al2O3)
(50:50CaO/MgO):(0.5wt%Rh/
Al2O3)
(50:50CaO/MgO):(0.5wt%Rh/
Al2O3)
(50:50CaO/MgO):(0.5wt%Rh/
Al2O3)
Batch No. HCl178147A HCl178147B HCl178147C HCl178148A HCl178148B
Extruded by RTC RTC RTC RTC RTC RTC
Powder Post Processed, °C 750 750 750
Calcined, °C 2 hrs @ 450°C 2 hrs @ 450°C 2 hrs @ 450°C
wt. CO2   extrudate, g 18.24 18.26 23.76 24.9 31.78 30.19
Vol. CO2  extrudate, cc 20.0 20.0 25.0 32.5 32.5 32.5
Density CO2, g/cc 0.9 0.9 1.0 0.8 1.0 0.9
Wt. SMR Cat., g 0 0 0 4.5 4.5 4.5
Vol. SMR Cat., cc   0.0 0.0 7.5 7.5 7.5
Density SMR, g/cc       0.6 0.6 0.6
Total Bed wt., g 18.24 18.26 23.76 29.4 36.28 34.69
Total Bed Vol., ml 20.0 20.0 25.0 40.0 40.0 40.0
Reactor R1 R2 R1 R1 R2 R1
S/C 3 3 3 3 3 3
GHSV, hr­1 390 390 390 390 390 390
Reforming, °C 600 600 600 600 600 600
Calcination, °C 755 755 755 800 800 800
Pressure, atm 1 1 1 1 1 1
Date loaded 12/16/2003 12/16/2003 1/22/2004 8/13/2004 8/13/2004 9/8/2004
Date unloaded 12/17/2003 12/17/2003 1/23/2004   8/19/2004 9/10/2004
Sample Crushed Crushed Crushed
DID NOT PRODUCE OVER 
25% H2
DID NOT PRODUCE OVER 
67% H2
Post Run Description No powder No powder
Size Normal size Normal size
Discoloration Slight discoloration Slight discoloration
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CO2  Sorption Catalyst CSMP C3021­28­27 IF CSMP C3021­28­29 IF CSMP 3021­28­29 IF CSMP C3021­28­31 IF CSMP C3021­28­33 IF CSMP C3021­28­35 IF
Reforming Catalyst  CSMP C3021­28­27 IF CSMP C3021­28­29 IF Engelhard Escat 326 
(0.5%Rh on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 
(0.5%Rh on Alumina)
Engelhard Escat 326 
(0.5%Rh on Alumina)
Composition CO2  sorb 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt 90:10 wt/wt
CaO/MgO (50:50CaO/MgO):(0.5wt%Rh/
Al2O3)
(50:50CaO/MgO):(0.5wt%Rh/
Al2O3)
(50:50CaO/MgO):(0.5wt%Rh/
Al2O3)
(50:50CaO/MgO):(0.5wt%Rh/Al
2O3)
(50:50CaO/MgO):(0.5wt%Rh/
Al2O3)
(50:50CaO/MgO):(0.5wt%Rh/
Al2O3)
Batch No. HCl178144A HCl178144B HCl178144B HCl178144C HCl178144D HCl178144E
Extruded by RTC RTC RTC RTC RTC RTC
Powder Post Processed, °C 500 500 500 500
Calcined, °C 2 hrs @ 450°C 2 hrs @ 450°C 2 hrs @ 450°C 2 hrs @ 450°C
wt. CO2   extrudate, g 23.93 25.27 25 22.8 22.11 27.11
Vol. CO2  extrudate, cc 35.0 35.0 32.5 32.5 32.5 32.5
Density CO2, g/cc 0.7 0.7 0.8 0.7 0.7 0.8
Wt. SMR Cat., g 0 0 4.5 4.5 4.5 4.5
Vol. SMR Cat., cc 0.0 0.0 7.5 7.5 7.5 7.5
Density SMR, g/cc     0.6 0.6 0.6 0.6
Total Bed wt., g 23.93 25.27 29.5 27.3 26.61 31.61
Total Bed Vol., ml 35.0 35.0 40.0 40.0 40.0 40.0
Reactor R1 R1 R1 R2 R1 R2
S/C 3 3 3 3 3 3
GHSV, hr­1 390 390 390 390 390 390
Reforming, °C 600 600 600 600 600 600
Calcination, °C 755 755 800 800 800 800
Pressure, atm 1 1 1 1 1 1
Date loaded 1/7/2004 2/2/2004 6/4/2004 9/8/2004 9/10/2004 9/10/2004
Date unloaded 1/8/2004 2/3/2004 6/14/2004 9/18/2004 9/16/2004 9/16/2004
Sample Crushed Crushed
DID NOT PRODUCE OVER 
67% H2
DID NOT PRODUCE OVER 
71% H2
Post Run Description 40% powder No powder No powder Some powder
Size 30% normal extrudates Extrudates normal size Normal size Normal extrudate
Discoloration 30% damaged Slight discoloration   Slight discoloration
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Chevron Technology Ventures, LLC
CO2  Sorption Catalyst C2873­29­36 IF/Crushed Wt. CO2  extrudate, g 18.24 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) C2873­29­36  Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb Density CO2, g/cc 0.6 GHSV, hr­1 390
Binder SMR Cat. Wt., g Reforming, °C 600
Batch No. SMR Cat. Vol, cc   Calcination, °C 755
Extruded by RTC Density SMR, g/cc   Pressure, atm 1
Powder Post Processed Total Bed wt., g 18.24
Calcined, C Total Bed Vol., ml 32.5
H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 94.6 2.1 1.2 1.2 0.8 172.13 94.8% 91.8% 96.5% 18.92 0.0046 0.09
2 94.3 2.6 1.1 1.1 0.8 319.26 95.3% 90.2% 96.5% 18.02 0.0045 0.08
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies C2873­29­36 IF/Crushed & C2873­29­36 
Average Reformate Composition  C2873­29­36 IF/Crushed & C2873­29­36 
gCO2 Sorbed per g Sorbent C2873­29­36 IF/Crushed & C2873­29­36 
Average R action Efficiencies
C2873­29­36 IF/Crushed & C2873­29­36 
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst C3021­28­16 IF wt. CO2  extrudate, g 18.26 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) C3021­28­16 IF Vol. CO2  extrudate, cc 20.0 S/C 3
Composition CO2  sorb 90:10 wt/wt Density CO2, g/cc 0.9 GHSV, hr­1 390
(50:50CaO/MgO):(0.5wt%Rh/Al2O3)  SMR Cat. Wt., g Reforming, °C 600
Batch No. HCl178147A SMR Cat. Vol, cc Calcination, °C 755
Extruded by RTC Density SMR, g/cc   Pressure, atm 1
Oven Atmosphere Total Bed wt., g 18.26
Calcined, C Total Bed Vol., ml 20.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 No cycle with H2>90%
2
3
4
5
6
7
8
9
10
11
12
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst C3021­28­18 IF wt. CO2  extrudate, g 19.53 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) C3021­28­16 IF Vol. CO2  extrudate, cc 32.6 S/C 3
Composition CO2  sorb 90:10 wt/wt Density CO2, g/cc 0.6 GHSV, hr­1 390
(50:50CaO/MgO):(0.5wt%Rh/Al2O3) SMR Cat. Wt., g 3.91 Reforming, °C 600
Batch No. HCl178147B SMR Cat. Vol, cc 6.5 Calcination, °C 750
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Oven Atmosphere Total Bed wt., g 23.44
Calcined, C Total Bed Vol., ml 39.1
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 57.6 31.0 1.2 9.4 0.7 209.53 91.1% 36.1% 94.9%
2 50.8 32.6 1.1 14.8 0.6 356.33 91.0% 30.0% 95.5%
3 45.9 30.5 0.9 22.1 0.5 554.41 91.8% 29.6% 96.2%
4 42.0 31.6 0.9 25.1 0.4 703.91 91.7% 25.7% 96.4%
5 42.8 32.6 0.9 23.3 0.5 853.84 92.1% 25.7% 96.3%
6 42.2 32.1 0.9 24.4 0.4 887.18 91.9% 25.6% 96.2%
7 40.4 30.9 0.9 27.3 0.4 1153.74 91.1% 25.2% 96.3%
8 40.6 31.8 0.8 26.3 0.4 1303.51 92.2% 24.6% 96.5%
9 66.5 19.4 0.5 10.0 1.0 1325.33 96.8% 50.9% 94.6%
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Chevron Technology Ventures, LLC
CO2  Sorption Catalyst C3021­28­20 IF Wt. CO2  extrudate, g 24.90 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Escat 326  Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb 90:10 wt/wt Density CO2, g/cc 0.8 GHSV, hr­1 390
(50:50CaO/MgO):(0.5wt%Rh/Al2O3) SMR Cat. Wt., g 4.50 Reforming, °C 600
Batch No. HCl178147C SMR Cat. Vol, cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Powder Post Processed 750.0 Total Bed wt., g 29.40
Calcined, C 2 hrs @ 450°C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 95.5 1.5 1.5 0.7 0.9 198.09 93.7% 94.3% 96.1% 21.08 0.0044 0.09
2 95.6 1.4 1.5 0.6 0.9 377.23 93.9% 94.4% 96.0% 19.59 0.0044 0.09
3 95.4 1.4 1.6 0.6 1.0 557.31 93.3% 94.5% 95.6% 19.54 0.0043 0.08
4 95.6 1.4 1.5 0.6 0.9 736.68 93.9% 94.6% 96.0% 18.11 0.0044 0.08
5 95.5 1.3 1.4 0.9 0.9 915.86 94.2% 94.9% 96.0% 18.12 0.0044 0.08
6 95.7 1.3 1.5 0.5 1.0 1096.07 93.7% 95.1% 95.5% 18.10 0.0044 0.08
7 95.5 1.2 1.3 1.1 0.9 1275.42 94.5% 95.2% 96.0% 18.07 0.0044 0.08
8 95.2 1.5 1.5 0.7 0.9 1456.49 93.7% 94.1% 95.8% 16.67 0.0043 0.07
9 95.3 1.5 1.4 0.9 0.9 1635.75 94.2% 94.1% 96.0% 16.86 0.0044 0.07
10 95.4 1.4 1.4 0.8 0.9 1995.35 94.2% 94.4% 96.0% 17.14 0.0044 0.08
11 95.5 1.4 1.4 0.7 0.9 2175.95 94.1% 94.4% 95.8% 16.82 0.0044 0.07
12 95.4 1.5 1.4 0.7 1.0 2355.59 94.1% 94.3% 95.6% 17.61 0.0044 0.08
13 95.5 1.4 1.4 0.7 1.0 2535.84 94.0% 94.5% 95.6% 16.69 0.0044 0.07
14 95.4 1.4 1.4 0.8 1.0 2715.32 94.1% 94.6% 95.6% 17.58 0.0044 0.08 Reforming
15 95.2 1.5 1.5 0.8 0.9 2895.81 93.8% 94.1% 95.8% 17.41 0.0043 0.08 550C
16 95.4 2.9 0.5 1.0 0.2 3076.38 97.9% 89.3% 99.2% 14.54 0.0045 0.06 550C
17 95.8 2.8 0.4 0.9 0.2 3255.56 98.4% 89.8% 99.3% 13.62 0.0045 0.06 550C
18 93.7 4.4 0.1 1.8 0.0 3439.86 99.5% 84.5% 100.0% 11.23 0.0043 0.05 500C
19 93.9 4.5 0.1 1.4 0.0 3619.59 99.5% 84.1% 100.0% 10.13 0.0043 0.04 500C
20 93.8 4.4 0.1 1.7 0.0 3799.02 99.4% 84.4% 100.0% 9.04 0.0043 0.04 500C
21 93.9 4.5 0.1 1.5 0.0 3996.73 99.5% 84.1% 100.0% 8.98 0.0043 0.04 500C
22 94.1 4.4 0.1 1.3 0.0 4158.77 99.4% 84.3% 100.0% 7.85 0.0043 0.03 500C
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Chevron Technology Ventures, LLC
Average Reaction Efficiencies C3021­28­20 IF & Escat 326 
Average Reformate Composition  C3021­28­20 IF & Escat 326 
gCO2 Sorbed per g Sorbent C3021­28­20 IF & Escat 326 
Average Reaction Efficiencies
C3021­28­20 IF & Escat 326 
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Chevron Technology Ventures, LLC
CO2  Sorption Catalyst C3021­28­22 IF Wt. CO2  extrudate, g 31.78 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Escat 326  Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb 90:10 wt/wt Density CO2, g/cc 1.0 GHSV, hr­1 390
(50:50CaO/MgO):(0.5wt%Rh/Al2O3) SMR Cat. Wt., g 4.50 Reforming, °C 600
Batch No. HCl178148A SMR Cat. Vol, cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Powder Post Processed 750.0 Total Bed wt., g 36.28
Calcined, C 2 hrs @ 450°C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 94.7 1.6 1.7 0.8 1.2 201.85 93.1% 93.6% 94.5% 31.43 0.0033 0.10
2 94.9 1.6 1.6 0.7 1.2 381.77 93.3% 93.7% 94.7% 28.55 0.0033 0.10
3 94.7 1.7 1.6 0.9 1.2 560.33 93.4% 93.4% 94.8% 28.47 0.0033 0.09
4 94.9 1.8 1.6 0.6 1.1 740.46 93.4% 93.0% 95.0% 25.52 0.0033 0.08
5 95.0 1.7 1.5 0.7 1.1 919.66 93.9% 93.3% 95.2% 25.56 0.0034 0.09
6 94.9 1.7 1.6 0.6 1.2 1100.12 93.4% 93.3% 94.7% 25.57 0.0033 0.08
7 94.8 1.9 1.6 0.6 1.1 1279.98 93.5% 92.8% 95.0% 24.10 0.0033 0.08
8 95.0 1.9 1.4 0.7 1.0 1459.33 94.1% 92.9% 95.6% 22.20 0.0034 0.07
9 94.5 2.0 1.6 0.8 1.1 1738.07 93.5% 92.4% 95.1% 23.76 0.0033 0.08
10 94.7 1.8 1.5 0.9 1.1 1998.78 93.6% 93.0% 95.2% 23.87 0.0033 0.08
11 94.6 1.9 1.5 0.8 1.1 2178.65 93.6% 92.7% 95.1% 24.29 0.0033 0.08
12 94.8 1.8 1.5 0.9 1.1 2358.28 93.9% 93.2% 95.2% 23.54 0.0034 0.08
13 94.8 1.8 1.5 0.8 1.1 2538.15 93.9% 93.1% 95.1% 23.38 0.0033 0.08
14 95.0 1.7 1.5 0.7 1.1 2718.40 93.9% 93.3% 95.0% 22.81 0.0033 0.08 Reforming
15 94.1 2.4 1.5 0.9 1.0 2898.48 93.6% 90.9% 95.5% 21.88 0.0033 0.07 550C
16 94.0 4.4 0.3 1.1 0.2 3079.75 98.8% 84.4% 99.2% 21.22 0.0033 0.07 550C
17 95.5 2.9 0.3 1.1 0.2 3258.99 98.8% 89.3% 99.2% 20.22 0.0035 0.07 550C
18 94.6 4.0 0.1 1.3 0.0 3443.27 99.5% 85.7% 100.0% 18.07 0.0034 0.06 500C
19 94.4 4.2 0.1 1.3 0.0 3623.00 99.6% 85.3% 99.9% 16.87 0.0034 0.06 500C
20 94.5 4.2 0.1 1.1 0.0 3802.44 99.7% 85.2% 99.9% 15.77 0.0034 0.05 500C
21 94.2 4.5 0.1 1.1 0.0 3982.56 99.6% 84.2% 100.0% 13.56 0.0034 0.05 500C
22 94.5 3.9 0.1 1.5 0.0 4161.04 99.7% 86.1% 100.0% 14.65 0.0034 0.05 500C
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies C3021­28­22 IF & Escat 326 
Average Reformate Composition  C3021­28­22 IF & Escat 326 
gCO2 Sorbed per g Sorbent C3021­28­22 IF & Escat 326 
Average Reaction Efficiencies
C3021­28­22 IF & Escat 326 
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst C3021­28­24 IF Wt. CO2  extrudate, g 30.19 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb 90:10 wt/wt Density CO2, g/cc 0.9 GHSV, hr­1 390
(50:50CaO/MgO):(0.5wt%Rh/Al2O3) SMR Cat. Wt., g 4.50 Reforming, °C 600
Batch No. HCl178148B SMR Cat. Vol, cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Powder Post Processed 750.0 Total Bed wt., g 34.69
Calcined, C 2 hrs @ 450°C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 94.05 1.89 1.87 0.53 1.64 210.72 92.18% 92.69% 92.51% 24.49 0.0037 0.09
2 94.18 1.72 1.86 0.63 1.58 390.26 92.25% 93.32% 92.74% 23.16 0.0038 0.09
3 94.48 1.66 1.77 0.52 1.56 569.60 92.63% 93.55% 92.91% 22.33 0.0038 0.09
4 94.51 1.60 1.80 0.49 1.58 749.77 92.50% 93.77% 92.79% 21.65 0.0038 0.08
5 94.55 1.63 1.80 0.42 1.59 929.52 92.51% 93.68% 92.76% 21.60 0.0038 0.08
6 94.55 1.62 1.78 0.47 1.56 1109.56 92.58% 93.71% 92.88% 20.87 0.0038 0.08
7 95.16 1.45 1.53 0.46 1.39 1287.33 93.68% 94.35% 93.85% 17.20 0.0039 0.07
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies C3021­28­24 IF & Escat 326
Average Reformate Composition  C3021­28­24 IF & Escat 326
gCO2 Sorbed per g Sorbent C3021­28­24 IF & Escat 326
Average Reaction Efficiencies
C3021­28­24 IF & Escat 326
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst CSMP C3021­28­27 IF wt. CO2  extrudate, g 23.93 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) CSMP C3021­28­27 IF Vol. CO2  extrudate, cc 35.0 S/C 3
Composition CO2  sorb 90:10 wt/wt Density CO2, g/cc 0.7 GHSV, hr­1 390
(50:50CaO/MgO):(0.5wt%Rh/Al2O3) SMR Cat. Wt., g Reforming, °C 600
Batch No. HCl178144A SMR Cat. Vol, cc Calcination, °C 755
Extruded by RTC Density SMR, g/cc   Pressure, atm 1
Oven Atmosphere Total Bed wt., g 23.93
Calcined, C Total Bed Vol., ml 35.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 57.6 31.0 1.2 9.4 0.7 209.53 91.1% 36.1% 94.9% 16.86
2 50.8 32.6 1.1 14.8 0.6 356.33 91.0% 30.0% 95.5% 7.30
3 45.9 30.5 0.9 22.1 0.5 554.41 91.8% 29.6% 96.2% 8.56
4 42.0 31.6 0.9 25.1 0.4 703.91 91.7% 25.7% 96.4% 2.76
5 42.8 32.6 0.9 23.3 0.5 853.84 92.1% 25.7% 96.3% 3.58
6 42.2 32.1 0.9 24.4 0.4 887.18 91.9% 25.6% 96.2% 0.80
7 40.4 30.9 0.9 27.3 0.4 1153.74 91.1% 25.2% 96.3% 1.39
8 40.6 31.8 0.8 26.3 0.4 1303.51 92.2% 24.6% 96.5% 0.70
9 66.5 19.4 0.5 10.0 1.0 1325.33 96.8% 50.9% 94.6% 0.68
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst CSMP C3021­28­29 IF wt. CO2  extrudate, g 25.27 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) CSMP C3021­28­29 IF Vol. CO2  extrudate, cc 35.0 S/C 3
Composition CO2  sorb 90:10 wt/wt Density CO2, g/cc 0.7 GHSV, hr­1 390
(50:50CaO/MgO):(0.5wt%Rh/Al2O3) SMR Cat. Wt., g Reforming, °C 600
Batch No. HCl178144B SMR Cat. Vol, cc Calcination, °C 755
Extruded by RTC Density SMR, g/cc   Pressure, atm 1
Oven Atmosphere Total Bed wt., g 25.27
Calcined, C Total Bed Vol., ml 35.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 57.6 31.0 1.2 9.4 0.7 209.53 91.1% 36.1% 94.9% 16.86 0.0015 0.03
2 50.8 32.6 1.1 14.8 0.6 356.33 91.0% 30.0% 95.5% 7.30 0.0012 0.01
3
4
5
6
7
8
9
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst C3021­28­33 IF Wt. CO2  extrudate, g 22.11 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb 90:10 wt/wt Density CO2, g/cc 0.7 GHSV, hr­1 390
(50:50CaO/MgO):(0.5wt%Rh/Al2O3) SMR Cat. Wt., g 4.50 Reforming, °C 600
Batch No. HCl178144D SMR Cat. Vol, cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Powder Post Processed 500.0 Total Bed wt., g 26.61
Calcined, C 2 hrs @ 450°C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 95.3 1.5 0.9 1.2 1.1 1089.37 96.3% 94.2% 95.3% 5.67 0.0050 0.06
2 95.2 1.5 1.1 1.1 1.1 1269.14 95.3% 94.3% 95.0% 5.70 0.0049 0.06
3 94.9 1.8 1.2 0.8 1.2 551.29 94.8% 93.0% 94.6% 7.41 0.0048 0.07
4 95.1 1.8 1.1 0.8 1.1 730.68 95.2% 93.2% 95.2% 6.26 0.0049 0.06
5 95.7 1.5 1.0 0.8 1.0 909.16 95.9% 94.2% 95.6% 5.19 0.0050 0.06
6 95.2 1.5 1.0 1.1 1.1 1074.87 96.0% 94.0% 95.1% 6.15 0.0050 0.06
7 95.2 1.5 1.1 1.1 1.1 1269.14 95.3% 94.3% 95.0% 5.70 0.0049 0.06
8 94.7 1.9 1.1 1.0 1.2 1629.61 95.3% 92.7% 94.8% 5.14 0.0048 0.05
9 94.8 2.0 1.1 0.9 1.2 1809.29 95.5% 92.4% 94.9% 5.19 0.0048 0.05
10 95.1 1.9 1.1 0.7 1.2 1989.61 95.2% 92.6% 94.8% 4.56 0.0048 0.04
11 95.3 1.7 1.2 0.6 1.2 2169.32 95.2% 93.3% 94.9% 4.58 0.0049 0.04
12 94.9 1.8 1.2 1.0 1.1 2349.03 95.1% 93.2% 95.3% 4.55 0.0049 0.04
13 95.4 1.6 1.1 0.8 1.1 2528.62 95.5% 93.8% 95.2% 4.59 0.0049 0.05
14 95.1 1.8 1.2 0.7 1.3 3039.51 95.1% 93.2% 94.4% 4.75 0.0048 0.04
15 95.3 1.7 1.1 0.8 1.1 2889.00 95.5% 93.5% 95.1% 4.64 0.0049 0.05
16 95.2 1.8 1.2 0.6 1.3 3069.49 95.2% 93.2% 94.4% 4.54 0.0048 0.04
17 95.1 1.7 1.2 0.8 1.3 3249.54 95.2% 93.6% 94.5% 4.45 0.0049 0.04
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Average Reaction Efficiencies C3021­28­33 IF & Escat 326
Average Reformate Composition  C3021­28­33 IF & Escat 326
gCO2 Sorbed per g Sorbent C3021­28­33 IF & Escat 326
Average Reaction Efficiencies
C3021­28­33 IF & Escat 326
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CO2 Sorption Catalyst C3021­28­35 IF Wt. CO2  extrudate, g 27.11 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb 90:10 wt/wt Density CO2, g/cc 0.8 GHSV, hr­1 390
(50:50CaO/MgO):(0.5wt%Rh/Al2O3) SMR Cat. Wt., g 4.50 Reforming, °C 600
Batch No. HCl178144E SMR Cat. Vol, cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1
Powder Post Processed 500.0 Total Bed wt., g 31.61
Calcined, C 2 hrs @ 450°C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 93.77 3.10 1.41 0.62 1.08 196.72 94.07% 88.50% 95.20% 20.40 0.0037 0.08
2 93.5 3.4 1.4 0.5 1.1 375.79 94.0% 87.5% 95.2% 19.30 0.0037 0.07
3 93.8 3.3 1.2 0.6 1.1 556.02 94.7% 87.9% 95.2% 20.28 0.0037 0.08
4 93.6 3.4 1.3 0.7 1.0 735.40 94.7% 87.4% 95.5% 20.32 0.0037 0.08
5 94.3 2.7 1.3 0.7 1.0 915.64 94.7% 89.8% 95.6% 19.21 0.0038 0.07
6 94.7 2.6 1.1 0.6 1.0 1094.66 95.3% 90.1% 95.8% 18.05 0.0039 0.07
7 94.9 2.2 1.1 0.8 1.0 1274.50 95.5% 91.7% 95.7% 18.12 0.0039 0.07
8 94.8 2.3 1.2 0.6 1.1 1634.32 95.1% 91.2% 95.3% 18.05 0.0039 0.07
9 95.2 2.2 1.0 0.6 0.9 1814.06 95.8% 91.5% 96.0% 15.78 0.0040 0.06
10 95.1 2.2 1.2 0.5 1.0 1993.79 95.2% 91.5% 95.6% 15.91 0.0039 0.06
11 94.9 2.3 1.1 0.8 1.0 2173.50 95.4% 91.4% 95.8% 15.78 0.0039 0.06
12 94.8 2.3 1.1 0.8 1.0 2353.80 95.4% 91.2% 95.8% 14.85 0.0039 0.06
13 94.8 2.3 1.2 0.6 1.1 2533.98 95.0% 91.3% 95.2% 15.81 0.0039 0.06
14 94.8 2.2 1.1 0.9 1.0 2713.60 95.4% 91.6% 95.5% 15.96 0.0039 0.06
15 95.0 2.2 1.1 0.8 1.0 2893.19 95.6% 91.7% 95.7% 15.80 0.0040 0.06
16 94.7 2.3 1.2 0.7 1.1 3073.97 95.1% 91.2% 95.3% 14.87 0.0039 0.06
17 94.7 2.5 1.2 0.5 1.1 3254.04 94.8% 90.6% 95.3% 14.87 0.0039 0.06
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Average Reaction Efficiencies C3021­28­35 IF & Escat 326
Average Reformate Composition  C3021­28­35 IF & Escat 326
gCO2 Sorbed per g Sorbent C3021­28­35 IF & Escat 326
Average Reaction Efficiencies
C3021­28­35 IF & Escat 326
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CO2  Sorption Catalyst *C3021­39­32 *CSMP C3021­34­12 *CSMP C3021­34­12 *CSMP C3022­28­31 *CSMP C3022­30­32
Reforming Catalyst: 0.5% 
rhodium on Alumina) 
Engelhard Escat 326 (0.5%Rh 
on Alumina)
CSMP C3021­9­28 80:20 
(PRA178137B 
(0.5%Rh/Al2O3)):Al2O3
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Composition CO2  sorb CaO/MgO (55:45) CaO/MgO (55:45) CaO/MgO(55:45) CaO/MgO (55:45)
Binder 15%Al203 15%Al203 15%Al203 15%Al203  
Batch No. HCM178165E PRA178137B HCM178165E HCM178173B HCM178163C
Extruded by RTC RTC RTC RTC RTC
Oven Atmosphere Air Air Air Air Air
Calcined, C 500C  2 hrs @ 750C  2 hrs @ 750C 750
Wt. CO2  extrudate, g 29.0 20.0 22.1 26.0 26.0
Vol. CO2  extrudate, cc 33.4 36.0 36.5 34.0 32.5
Density CO2, g/cc 0.9 0.6 0.6 0.8 0.8
Wt. SMR Cat., g 5.83 4.0 4.4 5.2 4.5
Vol. SMR Cat., cc 9.32 5.8 7.6 8.7 7.5
Density SMR, g/cc 0.6 0.7 0.6 0.6 0.6
Total Bed Wt., g 34.8 24.0 26.5 31.2 30.5
Total Bed Vol., ml 42.7 41.8 40.0 40.0 40.0
Reactor R1 R1 R2 R1 R1
S/C 3 3 3 3 3
GHSV, hr­1 390 390 390 390 390
Reforming, °C 600 600 600 600 600
Calcination, °C 755 750 800 800 800
Pressure, atm. 1 1 1 1 1
Date loaded 2/4/04 37914 02/23/04 6/15/04 7/27/04
Date unloaded 2/12/04 37914 03/01/04 7/15/04 8/1/04
Sample Extrudate Extrudate Extrudate Extrudate Extrudate
Post Run Description All Cycles <90% H2 No powder No powder
Size All extrudates 1/2 length Normal size
Discoloration or more Slight discoloration
*Large Batch Extrusion
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CO2  Sorption Catalyst *CSMP C3022­42­33 *CSMP C3022­44­31 *CSMP C3022­47­23 *CSMP C3022­5­12
Reforming Catalyst: 0.5% 
rhodium on Alumina) 
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Composition CO2  sorb CaO/MgO (80/20) CaO/MgO (83/17) CaO/MgO(59:41) CaO/MgO (55:45)
Binder 15%Al203 15%Al203 15%Al203 15%Al203
Batch No. HCM178177A HCM178177B HCM1781177E HCM178165E
Extruded by RTC RTC RTC RTC
Oven Atmosphere Air Air Air Air
Calcined, C  750 C; CS ­ 5.8 lbs/mm  750 C; CS ­ 4 lbs/mm 750 C; CS ­ 3 lbs/mm  750 C
Wt. CO2  extrudate, g 25.4 27.0 24.7 26.0
Vol. CO2  extrudate, cc 32.5 32.5 32.5 32.5
Density CO2, g/cc 0.8 0.8 0.8 0.8
Wt. SMR Cat., g 4.5 4.5 4.5 4.5
Vol. SMR Cat., cc 7.5 7.5 7.5 7.5
Density SMR, g/cc 0.6 0.6 0.6 0.6
Total Bed Wt., g 29.9 31.5 29.2 24.1
Total Bed Vol., ml 40.0 40.0 40.0 40.0
Reactor R1 R2 R1 R1
S/C 3 3 3 3
GHSV, hr­1 390 390 390 390
Reforming, °C 600 600 600 600
Calcination, °C 800 800 800 800
Pressure, atm. 1 1 1 1
Date loaded 8/19/04 8/19/04 10/12/04 5/4/04
Date unloaded 9/8/04 9/8/04 11/3/04 5/20/04
Sample Extrudate Extrudate Extrudate Extrudate
Post Run Description Mostly powder   No powder
Size No original size extrudates Normal size
Discoloration     Heavy toasted
*Large Batch Extrusion
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CO2 Sorption Catalyst C3021­39­32 Wt. CO2  extrudate, g 29.0 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 33.4 S/C 3
Composition CO2  sorb CaO/MgO (55:45) Density CO2, g/cc 0.9 GHSV, hr­1 390
Binder 15% Al2O3 Wt. SMR Cat., g 5.8 Reforming, °C 600
Batch No. HCM178165E Vol. SMR Cat., cc 9.3 Calcination, °C 755
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1.0
Oven Atmosphere Air Total Bed Wt., g 34.8
Calcined, C 500C Total Bed Vol., ml 42.7
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 96.0 1.8 1.0 0.6 0.7 208.30 96.0% 93.3% 97.2% 37.22 0.0038 0.14
2 96.1 1.6 1.0 0.6 0.7 397.94 95.9% 93.9% 96.8% 36.03 0.0038 0.14
3 96.3 1.4 1.0 0.5 0.7 587.09 95.9% 94.7% 96.7% 33.97 0.0038 0.13
4 95.9 1.8 1.0 0.7 0.7 776.32 95.7% 93.3% 97.0% 31.83 0.0038 0.12
5 96.3 1.3 1.0 0.7 0.7 964.86 96.0% 94.8% 96.9% 30.91 0.0039 0.12
6 96.4 1.3 1.0 0.5 0.7 1157.11 95.9% 95.0% 96.8% 28.63 0.0039 0.11
7 96.1 1.2 1.0 0.9 0.7 1320.33 95.9% 95.1% 96.8% 26.44 0.0039 0.10
8 96.2 1.3 1.1 0.7 0.8 1484.75 95.5% 95.0% 96.6% 24.59 0.0038 0.09
9 96.0 1.3 1.2 0.7 0.8 1649.57 95.2% 95.1% 96.3% 23.85 0.0038 0.09
10 96.1 1.2 1.1 0.8 0.8 1813.76 95.5% 95.4% 96.4% 24.01 0.0038 0.09
11 96.0 1.3 1.1 0.8 0.8 1978.59 95.4% 94.9% 96.4% 22.63 0.0038 0.09
12 95.9 1.5 1.1 0.8 0.8 2143.40 95.5% 94.3% 96.6% 21.17 0.0038 0.08
13 95.9 1.3 1.0 0.9 0.8 2307.48 95.7% 94.8% 96.7% 21.24 0.0038 0.08
14 95.5 1.7 1.2 0.8 0.8 2473.03 95.0% 93.5% 96.4% 21.17 0.0038 0.08
15 94.5 2.4 1.2 1.2 0.7 2637.60 95.0% 91.0% 96.9% 19.78 0.0037 0.07
16 94.5 2.5 1.3 0.9 0.8 2802.95 94.5% 90.5% 96.6% 19.78 0.0038 0.08
17 94.8 2.4 1.2 0.8 0.7 96.48 94.8% 90.9% 97.0% 18.28 0.0037 0.07
18 94.7 2.4 1.2 1.0 0.7 250.26 94.9% 91.0% 96.9% 18.44 0.0037 0.07
19 94.6 2.4 1.2 1.2 0.7 405.12 95.0% 91.1% 97.0% 17.54 0.0037 0.06
20 94.6 2.5 1.4 0.8 0.8 560.88 94.3% 90.7% 96.5% 17.74 0.0036 0.06
21 94.5 2.4 1.4 0.9 0.8 715.98 94.2% 90.8% 96.4% 17.58 0.0036 0.06
22 94.6 2.4 1.4 0.8 0.8 870.80 94.2% 90.9% 96.3% 17.60 0.0036 0.06
23 94.8 2.2 1.2 1.1 0.7 1024.59 95.0% 91.7% 96.8% 17.53 0.0037 0.06
24 95.0 2.2 1.2 0.8 0.8 1180.08 94.9% 91.6% 96.7% 15.78 0.0037 0.06
25 94.8 2.2 1.2 1.1 0.7 1334.78 94.9% 91.6% 96.7% 16.05 0.0037 0.06
26 94.3 2.5 1.2 1.2 0.7 1489.36 94.8% 90.5% 96.8% 16.90 0.0036 0.06
27 94.1 2.5 1.3 1.3 0.8 1644.28 94.5% 90.5% 96.6% 17.60 0.0036 0.06
28 94.6 2.4 1.2 1.1 0.7 1799.25 94.9% 90.9% 96.8% 15.74 0.0037 0.06
29 94.6 2.4 1.4 0.8 0.8 1955.05 94.3% 90.9% 96.3% 15.84 0.0036 0.06
30 94.6 2.3 1.4 0.8 0.8 2110.12 94.3% 91.2% 96.2% 15.76 0.0036 0.06
31 94.8 2.3 1.3 0.8 0.8 2264.78 94.4% 91.4% 96.2% 15.82 0.0036 0.06
32 94.7 2.2 1.3 0.9 0.8 2419.66 94.5% 91.6% 96.3% 15.77 0.0036 0.06
33 94.9 2.1 1.2 1.0 0.8 2573.87 94.9% 92.0% 96.6% 15.78 0.0037 0.06
34 95.1 2.1 1.2 0.8 0.8 2729.30 95.0% 91.9% 96.6% 14.06 0.0037 0.05
35 94.9 2.1 1.2 1.0 0.8 2883.82 94.9% 92.1% 96.4% 15.85 0.0037 0.06
36 94.6 2.0 1.2 1.4 0.8 3038.65 94.9% 92.3% 96.3% 15.82 0.0037 0.06
37 94.7 2.1 1.3 1.0 0.9 3194.71 94.4% 92.0% 95.9% 15.60 0.0036 0.06
38 94.9 2.0 1.2 1.1 0.8 3348.72 95.0% 92.5% 96.4% 15.61 0.0037 0.06
39 94.8 1.9 1.2 1.2 0.9 3504.08 94.9% 92.7% 96.2% 15.48 0.0037 0.06
40 95.3 1.9 1.1 0.8 0.8 3658.89 95.2% 92.7% 96.5% 14.14 0.0037 0.05
41 95.1 2.0 1.2 0.9 0.8 3814.34 95.0% 92.5% 96.3% 14.15 0.0037 0.05
42 94.9 2.0 1.2 1.0 0.9 3968.99 94.8% 92.4% 96.1% 15.51 0.0037 0.06
43 95.1 1.9 1.1 1.0 0.8 4123.69 95.4% 92.6% 96.6% 14.14 0.0037 0.05
44 94.6 2.5 1.2 0.9 0.7 4276.77 94.8% 90.5% 97.0% 14.07 0.0036 0.05
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Average Reaction Efficiencies C3021­39­32 & Engelhard Escat 326
Average Reformate Composition  C3021­39­32 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent C3021­39­32 & Engelhard Escat 326
Average Reaction Efficiencies
C3021­39­32 & Engelhard Escat 326
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CO2 Sorption Catalyst *CSMP C3021­34­12 Wt. CO2  extrudate, g 21.3 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/MgO(55:45) Density CO2, g/cc 0.7 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. HCM178165E Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm. 1.0
Oven Atmosphere Total Bed Wt., g 25.8
Calcined, C  2 hrs @ 750C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 93.6 3.3 1.3 1.1 0.8 266.91 94.5% 88.0% 96.2% 41.38 0.0047 0.19
2 90.0 6.3 1.4 1.4 0.9 437.24 93.8% 78.7% 95.7% 39.88 0.0041 0.16
3 90.8 5.6 1.5 1.1 1.0 606.42 93.6% 80.5% 95.2% 37.39 0.0042 0.16
4 83.4 12.6 1.3 2.0 0.7 781.42 93.7% 62.8% 96.8% 44.75 0.0033 0.15
5 83.2 12.9 1.2 2.1 0.6 948.38 92.0% 60.7% 94.7% 39.88 0.0032 0.13
6 83.8 12.2 1.2 2.2 0.6 1117.98 94.6% 63.7% 97.2% 39.27 0.0034 0.13
7 86.0 10.3 0.9 2.1 0.6 1281.80 95.9% 68.5% 97.3% 28.78 0.0037 0.11
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Average Reaction Efficiencies *CSMP C3021­34­12 & Engelhard Escat 326
Average Reformate Composition  *CSMP C3021­34­12 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent *CSMP C3021­34­12 & Engelhard Escat 326
Average Reaction Efficiencies
*CSMP C3021­34­12 & Engelhard Escat 326
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst *CSMP C3021­34­12 Wt. CO2  extrudate, g 29.0 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) *CSMP C3021­9­28  Vol. CO2  extrudate, cc 33.4 S/C 3
Composition CO2  sorb CaO/MgO (55:45) Density CO2, g/cc 0.9 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 5.8 Reforming, °C 600
Batch No. PRA178137B Vol. SMR Cat., cc 9.3 Calcination, °C 755
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm 1.0
Oven Atmosphere Air Total Bed Wt., g 34.8
Calcined, C  2 hrs @ 750C Total Bed Vol., ml 42.7
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 90.0 5.5 1.7 2.1 0.7 271.19 92.4% 81.1% 96.5%
2 87.2 5.4 3.5 2.1 1.7 122.92 74.7% 72.3% 78.3%
3 88.5 3.5 4.6 1.5 1.9 252.53 80.1% 87.1% 89.6%
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2  Sorption Catalyst *C3022­28­31 Wt. CO2  extrudate, g 26.0 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 34.0 S/C 3
Composition CO2  sorb CaO/MgO (55:45) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 5.2 Reforming, °C 600
Batch No. HCM178173B Vol. SMR Cat., cc 8.7 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm. 1.0
Oven Atmosphere Air Total Bed Wt., g 31.2
Calcined, C 750.0 Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2/gSorb
1 97.6 0.3 0.6 0.4 1.0 217.47 97.4% 98.9% 95.7% 60.12 0.0045 0.27
2 97.7 0.2 0.6 0.5 1.0 397.93 97.6% 99.2% 95.7% 59.63 0.0045 0.27
3 97.7 0.2 0.6 0.5 1.0 578.28 97.5% 99.2% 95.8% 59.36 0.0046 0.27 S/C
4 97.7 0.2 0.6 0.6 1.0 758.00 97.4% 99.0% 95.5% 59.73 0.0045 0.27 5.60
5 97.8 0.2 0.6 0.5 1.0 938.44 97.7% 99.4% 95.7% 59.06 0.0046 0.27 5.60
6 95.0 1.3 1.4 1.2 1.1 1116.79 94.1% 94.8% 95.1% 60.54 0.0042 0.25 5.60
7 94.9 1.7 1.6 0.7 1.0 1345.06 93.2% 93.3% 95.4% 55.44 0.0041 0.23 5.60
8 95.0 1.7 1.6 0.7 1.0 1541.90 93.3% 93.4% 95.4% 54.62 0.0041 0.22 5.60
9 95.0 1.7 1.6 0.6 1.0 1731.25 93.3% 93.3% 95.5% 52.31 0.0041 0.21  
10 95.1 1.7 1.6 0.6 1.0 1920.70 93.4% 93.4% 95.5% 50.82 0.0041 0.21
11 95.0 1.7 1.6 0.7 1.0 2110.43 93.3% 93.4% 95.5% 49.94 0.0041 0.20
12 95.0 1.7 1.6 0.7 1.0 2299.54 93.4% 93.4% 95.5% 49.32 0.0041 0.20
13 95.0 1.7 1.6 0.7 1.0 2489.59 93.3% 93.4% 95.5% 49.02 0.0041 0.20
14 94.8 1.9 1.6 0.7 1.0 2679.23 93.2% 92.9% 95.5% 48.93 0.0041 0.20
15 94.7 1.9 1.7 0.7 1.0 2869.21 93.0% 92.8% 95.4% 47.59 0.0040 0.19
16 94.7 1.9 1.7 0.7 1.0 3058.52 92.9% 92.8% 95.3% 47.69 0.0040 0.19
17 94.8 1.9 1.6 0.7 1.0 3248.55 93.2% 92.8% 95.5% 46.27 0.0041 0.19
18 94.9 1.8 1.6 0.7 1.0 3437.77 93.3% 93.0% 95.6% 46.29 0.0041 0.19
19 94.9 1.8 1.6 0.7 1.0 3628.12 93.2% 93.1% 95.5% 45.46 0.0041 0.19
20 94.9 1.8 1.6 0.7 1.0 3818.13 93.2% 93.0% 95.5% 45.49 0.0041 0.19
21 94.9 1.8 1.6 0.7 1.0 4007.81 93.2% 93.1% 95.4% 45.54 0.0041 0.19
22 94.6 2.0 1.7 0.8 0.9 137.27 93.1% 92.5% 95.8% 45.22 0.0041 0.18
23 94.8 1.9 1.6 0.7 0.9 316.64 93.2% 92.7% 95.8% 44.46 0.0041 0.18
24 94.8 1.9 1.6 0.7 1.0 496.65 93.2% 92.8% 95.7% 43.66 0.0041 0.18
25 94.9 1.8 1.6 0.7 0.9 675.96 93.4% 92.9% 95.7% 43.74 0.0041 0.18
26 94.8 1.9 1.6 0.7 0.9 855.70 93.3% 92.8% 95.8% 42.58 0.0041 0.17
27 94.8 1.9 1.6 0.8 0.9 1035.48 93.5% 92.9% 95.8% 41.59 0.0041 0.17
28 94.9 1.8 1.6 0.7 1.0 1215.75 93.3% 92.9% 95.6% 41.59 0.0041 0.17
29 95.0 1.8 1.6 0.7 1.0 1395.49 93.5% 93.1% 95.7% 40.21 0.0041 0.16
30 95.0 1.8 1.6 0.7 1.0 1575.04 93.5% 93.1% 95.6% 41.22 0.0041 0.17
31 95.0 1.8 1.6 0.7 1.0 1664.04 93.4% 93.2% 95.6% 41.19 0.0041 0.17
32 95.1 1.7 1.6 0.6 1.0 1935.01 93.5% 93.6% 95.5% 40.21 0.0041 0.17
33 95.1 1.7 1.6 0.6 1.0 2115.05 93.4% 93.4% 95.5% 39.99 0.0041 0.16
34 95.0 1.7 1.5 0.8 1.0 2294.08 93.7% 93.4% 95.7% 40.08 0.0041 0.16
35 95.0 1.6 1.5 0.8 1.0 2474.25 93.6% 93.8% 95.5% 40.12 0.0041 0.17
36
37 95.1 1.7 1.7 0.7 0.9 2834.66 93.1% 93.5% 96.1% 39.61 0.0041 0.16
38 95.1 1.6 1.7 0.7 0.9 3014.96 93.1% 93.7% 96.0% 38.79 0.0041 0.16
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies *C3022­28­31 & Engelhard Escat 326
Average Reformate Composition  *C3022­28­31 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent *C3022­28­31 & Engelhard Escat 326
Average Reaction Efficiencies
*C3022­28­31 & Engelhard Escat 326
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst *CSMP C3022­30­32 Wt. CO2  extrudate, g 26.0 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder   Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. HCM178163C Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm. 1.0
Oven Atmosphere Air Total Bed Wt., g 30.5
Calcined, C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 95.4 1.9 1.2 0.7 0.8 234.52 94.8% 92.8% 96.4% 59.00 0.0042 0.25
2 95.6 1.8 1.2 0.6 0.8 412.52 95.2% 93.0% 96.6% 55.00 0.0042 0.23
3 95.8 1.7 1.1 0.6 0.8 591.02 95.4% 93.5% 96.7% 52.00 0.0042 0.22
4 96.0 1.6 1.1 0.5 0.8 770.02 95.4% 93.8% 96.7% 50.00 0.0043 0.21
5 95.9 1.7 1.1 0.5 0.8 949.02 95.5% 93.5% 96.7% 48.00 0.0042 0.20
6 95.8 1.7 1.1 0.7 0.8 1128.02 95.4% 93.6% 96.6% 48.00 0.0042 0.20
7 95.8 1.6 1.1 0.6 0.8 1307.78 95.4% 93.8% 96.5% 46.81 0.0042 0.20
8 96.0 1.5 1.0 0.7 0.8 1486.44 95.7% 94.1% 96.7% 45.34 0.0043 0.19
9 95.5 2.0 1.1 0.6 0.7 1765.07 95.3% 92.3% 97.0% 41.66 0.0042 0.17
10 95.6 2.0 1.0 0.6 0.7 1943.73 95.7% 92.4% 97.0% 42.01 0.0042 0.18
11 95.6 1.9 1.1 0.6 0.7 2123.43 95.6% 92.6% 96.8% 41.87 0.0042 0.18
12 95.6 1.9 1.1 0.6 0.7 2302.67 95.5% 92.6% 96.8% 40.76 0.0042 0.17
13 95.7 1.9 1.0 0.6 0.7 2482.39 95.7% 92.6% 96.9% 38.50 0.0042 0.16
14 95.6 1.8 1.0 0.7 0.8 2661.73 95.7% 93.0% 96.7% 39.77 0.0042 0.17
15 96.0 1.6 1.0 0.6 0.8 2841.74 95.9% 93.7% 96.7% 37.40 0.0043 0.16
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Chevron Technology Ventures, LLC
Average Reaction Efficiencies *CSMP C3022­30­32 & Engelhard Escat 326
Average Reformate Composition  *CSMP C3022­30­32 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent *CSMP C3022­30­32 & Engelhard Escat 326
Average Reaction Efficiencies
*CSMP C3022­30­32 & Engelhard Escat 326
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst *CSMP C3022­42­33 Wt. CO2  extrudate, g 25.4 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/MgO (80/20) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. HCM178177A Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm. 1.0
Oven Atmosphere Air Total Bed Wt., g 29.9
Calcined, C  750 C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 94.4 3.4 0.8 0.9 0.6 217.00 96.7% 87.7% 97.5% 60.00 0.00 0.25
2 93.5 4.1 0.8 0.9 0.6 396.00 96.7% 85.1% 97.5% 60.00 0.00 0.24
3 94.3 3.4 0.8 0.9 0.6 576.50 96.5% 87.7% 97.5% 61.00 0.00 0.25
4 95.2 2.7 0.8 0.7 0.6 756.00 96.5% 89.9% 97.5% 61.00 0.00 0.26
5 95.4 2.4 0.9 0.8 0.6 934.13 96.3% 91.0% 97.4% 61.00 0.00 0.26
6 95.6 2.2 0.9 0.7 0.6 1116.50 96.2% 91.6% 97.4% 61.00 0.00 0.26
7 95.6 2.1 1.0 0.7 0.6 1296.50 95.9% 92.0% 97.3% 61.00 0.00 0.26
8 95.7 2.0 1.0 0.6 0.6 1476.58 95.7% 92.4% 97.3% 59.91 0.00 0.26
9 95.7 1.9 1.1 0.6 0.7 1657.03 95.5% 92.6% 97.1% 60.35 0.00 0.26
10 95.7 2.0 1.1 0.5 0.7 1836.58 95.4% 92.5% 97.1% 60.20 0.00 0.26
11 95.8 1.9 1.1 0.5 0.7 2016.66 95.3% 92.7% 97.1% 59.97 0.00 0.26
12 95.6 1.9 1.2 0.5 0.7 2196.50 95.0% 92.6% 97.1% 60.14 0.00 0.26
13 95.5 2.0 1.3 0.5 0.7 2377.12 94.8% 92.5% 97.0% 60.18 0.00 0.26
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Chevron Technology Ventures, LLC
Average Reaction Efficiencies *CSMP C3022­42­33 & Engelhard Escat 326
Average Reformate Composition  *CSMP C3022­42­33 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent *CSMP C3022­42­33 & Engelhard Escat 326
Average Reaction Efficiencies
*CSMP C3022­42­33 & Engelhard Escat 326
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst *CSMP C3022­44­31 Wt. CO2  extrudate, g 27.0 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/MgO (83/17) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. HCM178177B Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 31.5
Calcined, C  750 C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 94.5 3.3 0.8 0.8 0.5 216.49 96.6% 87.9% 97.8% 29.50 0.0039 0.23
2 93.7 3.9 0.9 0.9 0.6 395.99 96.2% 85.8% 97.5% 30.00 0.0038 0.23
3 95.2 2.6 0.9 0.7 0.6 576.99 96.4% 90.2% 97.4% 30.00 0.0040 0.24
4 95.1 2.8 0.9 0.6 0.6 756.99 96.3% 89.7% 97.4% 28.99 0.0040 0.23
5 95.1 2.6 0.9 0.8 0.6 936.49 96.2% 90.2% 97.3% 30.50 0.0040 0.24
6 94.0 3.6 1.0 0.8 0.6 1117.49 95.8% 87.0% 97.3% 29.50 0.0038 0.23
7 94.9 2.6 1.0 0.8 0.7 1296.49 95.9% 90.2% 97.2% 30.50 0.0040 0.24
8 94.9 2.6 1.0 0.7 0.7 1476.48 95.6% 90.3% 97.2% 30.03 0.0040 0.24
9 94.9 2.6 1.1 0.7 0.7 1656.92 95.6% 90.1% 97.1% 30.18 0.0040 0.24
10 94.8 2.6 1.1 0.7 0.7 1836.48 95.3% 90.1% 97.0% 30.05 0.0039 0.24
11 94.8 2.7 1.2 0.6 0.7 2016.56 95.0% 90.0% 97.0% 29.51 0.0039 0.23
12 94.6 2.7 1.2 0.7 0.7 2196.40 94.9% 89.8% 97.0% 30.12 0.0039 0.24
13 94.6 2.7 1.3 0.7 0.7 2377.02 94.7% 89.8% 96.9% 30.24 0.0039 0.23
 
15 94.4 2.7 1.4 0.7 0.8 2736.96 94.0% 89.8% 96.7% 29.83 0.0040 0.24
16 94.3 2.8 1.5 0.7 0.8 2917.06 93.8% 89.7% 96.6% 29.88 0.0040 0.24
17 94.2 2.8 1.6 0.6 0.8 3096.55 93.5% 89.6% 96.4% 29.21 0.0041 0.24
18 94.1 2.8 1.6 0.6 0.8 3276.85 93.1% 89.4% 96.3% 29.14 0.0041 0.24
19 94.0 2.8 1.6 0.6 0.8 3456.51 93.1% 89.4% 96.2% 30.01 0.0041 0.24
20 93.7 2.9 1.8 0.7 0.9 3636.82 92.5% 89.3% 96.1% 30.00 0.0041 0.24
21 93.6 3.0 1.8 0.7 0.9 3816.41 90.4% 86.8% 93.7% 29.18 0.0041 0.24
22 94.0 2.8 1.7 0.6 0.8 3994.48 92.9% 89.5% 96.3% 26.86 0.0041 0.22
23 94.0 2.8 1.6 0.7 0.8 4172.96 93.1% 89.5% 96.5% 25.44 0.0041 0.21
24 94.1 2.8 1.6 0.7 0.8 4352.03 93.2% 89.5% 96.5% 24.68 0.0041 0.20
25 93.8 2.9 1.8 0.7 0.8 4532.83 92.5% 89.4% 96.3% 25.27 0.0041 0.21
26 93.9 2.8 1.7 0.7 0.8 4711.70 92.7% 89.4% 96.4% 23.99 0.0041 0.20
27 93.9 2.8 1.7 0.8 0.8 4890.78 93.0% 89.5% 96.5% 24.02 0.0041 0.20
28 94.0 2.8 1.7 0.7 0.8 5070.59 92.8% 89.6% 96.4% 23.25 0.0041 0.19
29 93.9 2.8 1.7 0.7 0.8 5250.39 92.8% 89.4% 96.4% 22.58 0.0041 0.18
30 94.0 2.8 1.7 0.7 0.8 5429.53 92.9% 89.5% 96.3% 22.48 0.0041 0.18
31 94.1 2.8 1.7 0.7 0.8 5608.94 93.1% 89.7% 96.5% 21.77 0.0041 0.18
32 93.4 3.2 2.0 0.3 1.0 11718.28 91.4% 88.1% 95.4% 22.20 0.0041 0.18
33 93.5 3.2 2.0 0.3 1.0 11896.95 91.6% 88.3% 95.5% 21.75 0.0041 0.18
34 93.6 3.1 2.0 0.3 1.0 12077.32 91.7% 88.5% 95.4% 21.69 0.0041 0.18
35 93.6 3.1 2.0 0.3 1.0 12256.60 89.5% 86.5% 93.1% 21.61 0.0041 0.18
36 93.5 3.1 2.0 0.4 1.0 12436.39 91.6% 88.5% 95.4% 21.14 0.0034 0.15
37 93.2 3.6 2.0 0.3 1.0 12616.20 91.7% 87.0% 95.5% 20.56 0.0041 0.17
38 93.4 3.2 1.9 0.5 1.0 12795.13 92.0% 88.1% 95.6% 20.20 0.0041 0.17
39 93.4 3.4 1.9 0.3 1.0 12975.26 92.1% 87.6% 95.6% 20.23 0.0036 0.15
40 93.7 3.1 1.8 0.4 1.0 13154.67 92.3% 88.7% 95.5% 19.45 0.0037 0.14
41 93.5 3.1 1.9 0.4 1.0 13334.98 91.9% 88.5% 95.4% 19.41 0.0037 0.14
42 93.7 3.1 1.9 0.3 1.0 13514.66 92.0% 88.6% 95.5% 18.71 0.0037 0.14
43 93.6 3.1 1.9 0.3 1.0 13695.04 91.8% 88.5% 95.4% 18.73 0.0036 0.14
44 93.6 3.1 2.0 0.3 1.0 13874.54 91.8% 88.6% 95.4% 18.80 0.0037 0.14
45 93.5 3.2 1.9 0.4 1.0 14054.02 92.0% 88.1% 95.5% 18.17 0.0037 0.13
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Average Reaction Efficiencies *CSMP C3022­44­31 & Engelhard Escat 326
Average Reformate Composition  *CSMP C3022­44­31 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent *CSMP C3022­44­31 & Engelhard Escat 326
Average Reaction Efficiencies
*CSMP C3022­44­31 & Engelhard Escat 326
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CO2 Sorption Catalyst *CSMP C3022­47­23 Wt. CO2  extrudate, g 24.7 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/MgO(59:41) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. HCM1781177E Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 29.2
Calcined, C 750 C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 Mass Spec sampling error cycles 1 ­ 20
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21 94.9 2.1 1.5 0.3 1.3 34743.63 93.8% 92.1% 94.4% 25.94 0.0042 0.22
22 94.9 2.0 1.4 0.4 1.3 34952.43 94.0% 92.2% 94.3% 25.27 0.0042 0.21
23 95.0 2.0 1.4 0.2 1.3 35162.41 94.0% 92.3% 94.1% 24.77 0.0042 0.21
24 94.8 2.0 1.5 0.4 1.4 35371.99 93.9% 92.3% 93.8% 25.39 0.0042 0.21
25 95.0 2.0 1.4 0.2 1.3 35580.99 94.2% 92.4% 94.1% 23.97 0.0042 0.20
26 94.9 2.0 1.5 0.2 1.4 35791.39 93.9% 92.3% 93.7% 23.92 0.0042 0.20
27 94.8 2.0 1.4 0.3 1.4 36000.37 94.0% 92.3% 93.7% 23.92 0.0042 0.20
28 94.9 2.0 1.4 0.3 1.4 36210.06 94.1% 92.4% 93.7% 23.22 0.0042 0.20
29 94.7 2.0 1.5 0.3 1.4 41967.92 93.9% 92.2% 93.9% 22.99 0.0042 0.19
30 94.8 2.0 1.4 0.4 1.4 42176.63 94.1% 92.3% 93.9% 21.69 0.0042 0.18
31 94.6 2.0 1.5 0.4 1.4 42386.67 93.9% 92.3% 93.6% 22.56 0.0042 0.19
32 94.8 2.0 1.4 0.3 1.4 42596.48 94.0% 92.3% 93.8% 21.19 0.0042 0.18
33 94.9 2.0 1.5 0.2 1.4 42806.26 94.0% 92.3% 93.7% 21.08 0.0042 0.18
34 95.0 2.0 1.4 0.3 1.4 43015.34 94.3% 92.5% 94.0% 20.41 0.0042 0.17
35 94.8 2.0 1.4 0.4 1.4 43224.94 94.2% 92.4% 94.0% 20.40 0.0042 0.17
36 94.9 2.0 1.4 0.3 1.4 43435.11 94.2% 92.4% 93.6% 20.19 0.0042 0.17
37 94.9 2.0 1.4 0.3 1.4 43644.81 94.0% 92.4% 93.8% 19.51 0.0042 0.16
38 94.8 2.0 1.4 0.3 1.4 43854.12 94.0% 92.4% 93.8% 19.67 0.0042 0.17
39 94.8 2.0 1.4 0.4 1.4 44064.25 94.0% 92.3% 93.7% 19.60 0.0042 0.17
40 94.7 2.0 1.4 0.5 1.4 44274.18 94.1% 92.4% 93.6% 19.59 0.0042 0.17
41 94.9 2.0 1.4 0.3 1.4 44483.66 94.1% 92.4% 93.7% 18.91 0.0042 0.16
42 94.8 2.0 1.4 0.4 1.4 44693.59 94.2% 92.4% 93.9% 18.91 0.0042 0.16
43 94.9 2.0 1.4 0.3 1.4 44903.34 94.1% 92.4% 94.0% 18.13 0.0042 0.15
44 94.8 2.0 1.4 0.4 1.4 45112.98 94.1% 92.4% 93.9% 18.22 0.0042 0.15
94.9 2.0 1.4 0.3 1.4 45323.49 94.0% 92.3% 93.8% 17.41 0.0042 0.15
94.8 2.0 1.5 0.3 1.4 45533.14 93.8% 92.4% 93.8% 17.52 0.0042 0.15
94.9 2.0 1.4 0.3 1.4 45742.69 94.1% 92.4% 93.8% 17.49 0.0042 0.15
94.9 2.0 1.4 0.3 1.4 45952.48 94.0% 92.4% 93.7% 17.48 0.0042 0.15
94.7 2.0 1.4 0.4 1.4 46162.95 94.0% 92.4% 93.7% 18.25 0.0042 0.15
94.8 2.0 1.4 0.3 1.4 46372.58 94.0% 92.4% 93.7% 16.80 0.0042 0.14
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Average Reaction Efficiencies *CSMP C3022­47­23 & Engelhard Escat 326
Average Reformate Composition  *CSMP C3022­47­23 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent *CSMP C3022­47­23 & Engelhard Escat 326
Average Reaction Efficiencies
*CSMP C3022­47­23 & Engelhard Escat 326
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CO2 Sorption Catalyst *CSMP C3022­5­12 Wt. CO2  extrudate, g 26.0 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/MgO (55:45) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. HCM178165E Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by RTC Density SMR, g/cc 0.6 Pressure, atm. 1.0
Oven Atmosphere Air Total Bed Wt., g 24.1
Calcined, C  750 C Total Bed Vol., ml 40.0
Cycle H2 CH4 CO N2 CO2 M WGS CC CF Cycle Time S gCO2 / gSorb
1 90.5 6.1 1.2 1.3 0.8 1468.23 94.8% 79.0% 96.3% 14.25 0.0036 0.05
2 91.4 5.4 1.2 1.1 0.8 1654.37 94.8% 81.0% 96.3% 26.86 0.0037 0.10
3 91.6 5.1 1.2 1.2 0.8 1838.11 94.9% 82.0% 96.4% 37.51 0.0038 0.14
4 92.3 4.5 1.2 1.2 0.8 2018.95 94.9% 83.9% 96.4% 38.90 0.0039 0.15
5 92.9 4.1 1.2 1.0 0.8 2198.85 94.8% 85.4% 96.3% 38.94 0.0039 0.15
6 93.3 3.5 1.2 1.0 0.8 2377.99 94.8% 87.1% 96.3% 37.48 0.0040 0.15
7 93.6 3.3 1.3 0.9 0.9 2558.03 94.6% 87.8% 96.1% 37.55 0.0040 0.15
8 93.9 3.1 1.3 0.8 0.9 2737.97 94.4% 88.7% 95.9% 35.99 0.0041 0.15
9 94.2 2.8 1.3 0.8 0.8 2916.38 94.5% 89.5% 96.3% 34.50 0.0041 0.14
10 93.8 2.9 1.3 1.0 0.9 3096.16 94.3% 89.1% 96.2% 34.28 0.0041 0.14
11 94.1 3.1 1.3 0.7 0.8 275.50 94.6% 88.6% 96.5% 34.30 0.0041 0.14
12 93.8 3.2 1.3 0.8 0.8 453.84 94.3% 88.1% 96.3% 31.20 0.0040 0.13
13 93.8 3.0 1.4 0.9 0.9 633.18 94.3% 89.0% 96.1% 31.58 0.0041 0.13
14 94.3 2.7 1.3 0.7 0.9 812.97 94.5% 89.7% 96.1% 28.70 0.0041 0.12
15 94.3 2.6 1.3 0.8 0.9 992.79 94.5% 90.1% 95.9% 28.76 0.0041 0.12
16 94.3 2.6 1.4 0.7 1.0 1172.74 94.3% 90.3% 95.7% 28.84 0.0041 0.12
17 94.4 2.4 1.3 0.9 1.0 1352.50 94.4% 90.9% 95.6% 28.97 0.0041 0.12
18 94.6 2.4 1.3 0.7 1.0 1532.16 94.5% 91.0% 95.7% 27.31 0.0042 0.11
19 94.3 2.4 1.3 1.0 1.0 1712.37 94.4% 90.8% 95.6% 28.93 0.0041 0.12
20 94.7 2.4 1.3 0.8 0.9 1891.27 94.7% 91.0% 95.9% 26.80 0.0042 0.11
21 93.8 3.0 1.4 1.0 0.9 2071.90 94.2% 88.9% 96.2% 27.14 0.0041 0.11
22 94.2 2.8 1.3 0.8 0.9 2251.46 94.4% 89.4% 96.2% 25.42 0.0041 0.10
23 94.2 2.7 1.4 0.7 1.0 2432.31 94.1% 89.9% 95.7% 25.38 0.0041 0.10
24 94.4 2.6 1.3 0.8 0.9 2611.14 94.5% 90.1% 96.0% 25.30 0.0041 0.10
25 94.3 2.6 1.4 0.7 1.0 2791.95 94.2% 90.2% 95.7% 25.34 0.0041 0.10
26 94.6 2.5 1.3 0.7 0.9 2971.24 94.7% 90.7% 96.0% 23.50 0.0042 0.10
27 94.7 2.4 1.3 0.7 0.9 3151.13 94.7% 91.0% 95.9% 23.00 0.0042 0.10
28 94.0 2.9 1.3 0.9 0.9 3330.67 94.5% 89.2% 96.2% 23.12 0.0041 0.09
29 93.7 2.9 1.4 1.0 0.9 3510.84 94.0% 89.0% 95.9% 25.53 0.0041 0.10
30 93.9 2.9 1.4 0.8 0.9 3691.24 94.0% 89.1% 95.9% 23.43 0.0041 0.10
31 94.1 2.8 1.3 0.8 0.9 3870.60 94.3% 89.4% 96.0% 23.46 0.0041 0.10
32 94.0 2.7 1.3 1.1 0.9 4049.95 94.6% 89.7% 96.2% 23.50 0.0041 0.10
33 94.0 2.7 1.3 1.1 0.9 4229.51 94.6% 89.8% 96.1% 23.46 0.0041 0.10
34 94.2 2.8 1.5 0.9 0.7 160.58 93.8% 89.5% 97.0% 24.69 0.0041 0.10
35 94.0 2.8 1.4 1.1 0.7 339.14 94.3% 89.5% 97.0% 24.80 0.0041 0.10
36 94.4 2.8 1.3 0.8 0.7 519.75 94.4% 89.7% 96.9% 22.95 0.0041 0.10
37 94.3 2.8 1.3 0.8 0.7 699.56 94.4% 89.6% 96.8% 22.93 0.0041 0.09
38 94.4 2.7 1.3 1.0 0.7 879.07 94.7% 90.0% 96.9% 22.86 0.0042 0.10
39 94.4 2.6 1.3 0.9 0.7 1058.89 94.6% 90.1% 96.8% 22.97 0.0042 0.10
40 94.0 2.7 1.4 1.1 0.8 1239.54 94.2% 89.9% 96.6% 24.62 0.0041 0.10
41 94.7 2.5 1.2 0.7 0.7 1418.85 94.8% 90.4% 96.7% 21.63 0.0042 0.09
42 94.4 2.7 1.4 0.7 0.8 1600.06 94.3% 90.0% 96.4% 22.44 0.0041 0.09
43 94.4 2.5 1.2 1.1 0.8 1778.78 94.8% 90.6% 96.6% 22.55 0.0042 0.09
44 94.3 2.5 1.2 1.2 0.8 1958.67 94.8% 90.7% 96.6% 23.39 0.0042 0.10
45 94.2 2.7 1.4 0.9 0.9 2139.95 94.1% 90.0% 96.2% 23.44 0.0041 0.10
46 94.1 2.7 1.3 1.0 0.8 2319.13 94.4% 89.9% 96.4% 23.49 0.0041 0.10
47 93.0 3.7 1.5 1.0 0.8 2499.40 93.7% 86.6% 96.5% 21.27 0.0040 0.08
48 94.4 2.7 1.3 0.8 0.8 2678.65 94.7% 89.9% 96.5% 21.26 0.0041 0.09
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Average Reaction Efficiencies *CSMP C3022­5­12 & Engelhard Escat 326
Average Reformate Composition  *CSMP C3022­5­12 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent *CSMP C3022­5­12 & Engelhard Escat 326
Average Reaction Efficiencies
*CSMP C3022­5­12 & Engelhard Escat 326
80%
82%
84%
86%
88%
90%
92%
94%
96%
98%
100%
0 10 20 30 40 50 60
Cycle
Av
er
ag
e 
Co
nv
er
si
on
 E
ffi
ci
en
cy
, 
%
Shift Conversion Methane Conversion CO2 Fixing
Average Reformate Composition 
*CSMP C3022­5­12 & Engelhard Escat 326
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
0 5 10 15 20 25 30 35 40 45 50
Cycle
M
ol
e 
%
 C
H4
, C
O
, 
CO
2 
& 
N2
90.0
92.0
94.0
96.0
98.0
100.0
M
ol
e 
%
 H
2
CH4 CO N2 CO2 H2
g O  Sorbed per g Sorbent
*CSMP C3022­5­12 & Engelhard Escat 326
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0 10 20 30 40 50 60
Cycle
gC
O
2/
gS
or
be
nt
Page 279 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
APPENDIX F
Page 280 of 405
 
     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2  Sorption Catalyst ECM 255003 ECM 255008 ECM 255019 ECM 255021 ECM 255022 *ECM 255029
Reforming Catalyst  Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Composition CO2  sorb CaO (100) CaO/MgO (80/20) CaO/Al2O3 (95/5) CaO/Al2O3 (90/10) CaO/Al2O3 (90/10) *CaO/Al203 (95/5)
Binder 15%Al203 15%Al203 15%Al203 10%Al203 15%Al203 15%Al203
Batch No. Not Available  HCM178177E + HCM178178A PCB953401A­1 PCB954103A­1 PCB954103A­1 PCB952502A­2
Extruded by CSMP CSMP CSMP CSMP CSMP CSMP
Oven Atmosphere Air Air Air Air Air Air
Calcined, °C 750 750 750 750 750 750
Wt. CO2  extrudate, g 26.16 24.23 24.91 19.63 19.99 24.98
Vol. CO2  extrudate, cc 32.5 32.5 32.5 32.5 32.5 32.5
Density CO2, g/cc 0.8 0.7 0.8 0.6 0.6 0.8
Wt. SMR Cat., g 4.5 4.5 4.5 4.5 4.5 4.5
Vol. SMR Cat., cc 7.5 7.5 7.5 7.5 7.5 7.5
Density SMR, g/cc 0.6 0.6 0.6 0.6 0.6 0.6
Total Bed Wt., g 30.66 28.73 29.41 24.13 24.49 29.48
Total Bed Vol., ml 40.0 40.0 40.0 40.0 40.0 40.0
Reactor R1 R1 R2 R2 R2 R1
S/C 3 3 3 3 3 3
GHSV, hr­1 390 390 390 390 390 390
Reforming, °C 600 600 600 600 600 600
Calcination, °C 800 800 800 800 800 800
Pressure, atm. 1 1 1 1 1 1
Date loaded 2/24/2005 5/9/2005 2/24/2005 1/10/2005 1/24/2005 3/28/2005
Date unloaded 3/3/2005 5/19/2005 3/2/2005 1/14/2005 1/28/2005 4/11/2005
Sample Extrudate Extrudate Extrudate Extrudate Extrudate Extrudate
           
Post Run Description See Sieve Analysis See Sieve Analysis See Sieve Analysis See Sieve Analysis See Sieve Analysis See Sieve Analysis
*Large Batch Extrusion
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CO2  Sorption Catalyst *ECM255036  *ECM255036  ECM255061C300 ECM255061C500 ECM255061C750 ECM255061C800
Reforming Catalyst  Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Composition CO2  sorb *CaO/Al203 (90/10) *CaO/Al203 (90/10) *CaO/Al203 (90/10) *CaO/Al203 (90/10) *CaO/Al203 (90/10) CaO/Al203 (90/10)
Binder 15%Al203 15%Al203 15%Al203 15%Al203 15%Al203 15%Al203
Batch No. ECM255032 + ECM255033 ECM255032 + ECM255033 PCB954103A­1(HCB198078B +  PCB954103A­1(HCB198078B +  PCB954103A­1(HCB198078B +  PCB954103A­1(HCB198078B + 
Extruded by CSMP CSMP CSMP CSMP CSMP CSMP
Oven Atmosphere Air Air Air Air Air Air
Calcined, °C 750 750 300 500 750 800
Wt. CO2  extrudate, g 27 30 32.16 31.85 27.96 24.82
Vol. CO2  extrudate, cc 32.5 32.5 32.5 32.5 32.5 32.5
Density CO2, g/cc 0.8 0.9 1.0 1.0 0.9 0.8
Wt. SMR Cat., g 4.5 4.5 4.5 4.5 4.5 4.5
Vol. SMR Cat., cc 7.5 7.5 7.5 7.5 7.5 7.5
Density SMR, g/cc 0.6 0.6 0.6 0.6 0.6 0.6
Total Bed Wt., g 31.5 34.5 36.66 36.35 32.46 29.32
Total Bed Vol., ml 40.0 40.0 40.0 40.0 40.0 40.0
Reactor R1 R2 R1 R2 R1 R1
S/C 3 3 3 3 3 3
GHSV, hr­1 390 390 390 390 390 390
Reforming, °C 600 600 600 600 600 600
Calcination, °C 800 800 800 800 800 800
Pressure, atm. 1 1 1 1 1 1
Date loaded 4/26/2005 5/9/2005 5/19/2005 6/8/2005 6/21/2005 7/5/2005
Date unloaded 5/8/2005 5/22/2005 5/29/2005 6/15/2005 Heater Failed 7/15/2005
Sample Extrudate Extrudate Extrudate Extrudate Extrudate Extrudate
           
Post Run Description See Sieve Analysis See Sieve Analysis See Sieve Analysis See Sieve Analysis See Sieve Analysis See Sieve Analysis
*Large Batch Extrusion
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     DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2  Sorption Catalyst ECM259002­2C ECM259­011C *ECM259012C *ECM259013C *ECM259013C *ECM259018C800
Reforming Catalyst  Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard SRXX Engelhard Escat 326 (0.5%Rh 
on Alumina)
Engelhard Escat 326 (0.5%Rh 
on Alumina)
Composition CO2  sorb CaO/Al203 (90/10) CaO/Al203 (90/10) CaO/Al203 (90/10) CaO/Al2O3 (90/10) CaO/Al2O3 (90/10) CaO/Al2O3 (90/10)
Binder 15%Al203 15%Al203 15%Al203 15%Al203 15%Al203 15%Al203
Batch No. PCB290040C (HCB203020A) Not Available ECM259007­009 HCB326030B HCB326030B HCB203032A (030A+031A)
Extruded by CSMP CSMP CSMP CSMP CSMP CSMP
Oven Atmosphere N2 N2 Air Air Air N2
Calcined, °C 750 750 750 750 750 800
Wt. CO2  extrudate, g 27.73 26.13 26.57 24.75 24.72 23.04
Vol. CO2  extrudate, cc 32.5 32.5 32.5 32.5 32.5 32.5
Density CO2, g/cc 0.9 0.8 0.8 0.8 0.8 0.7
Wt. SMR Cat., g 4.5 4.5 4.5 4.5 4.5 4.5
Vol. SMR Cat., cc 7.5 7.5 7.5 7.5 7.5 7.5
Density SMR, g/cc 0.6 0.6 0.6 0.6 0.6 0.6
Total Bed Wt., g 32.23 30.63 31.07 29.25 29.22 27.54
Total Bed Vol., ml 40.0 40.0 40.0 40.0 40.0 40.0
Reactor R1 R2 R2 R1 R2 R1
S/C 3 3 3 3 3 3
GHSV, hr­1 390 390 390 390 390 390
Reforming, °C 600 600 600 600 600 600
Calcination, °C 800 800 800 800 800 800
Pressure, atm. 1 1 1 1 1 1
Date loaded 6/8/2005 6/21/2005 7/5/2005 8/4/2005 8/4/2005 12/2/2005
Date unloaded 6/20/2005 6/30/2005 7/15/2005 8/22/2005 8/22/2005 12/12/2005
Sample Extrudate Extrudate Extrudate Extrudate Extrudate Extrudate
           
Post Run Description See Sieve Analysis See Sieve Analysis See Sieve Analysis See Sieve Analysis See Sieve Analysis See Sieve Analysis
*Large Batch Extrusion
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Chevron Technology Ventures, LLC
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    DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2  Sorption Catalyst ECM 255003 Wt. CO2  extrudate, g 26.16 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO (100) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. Not Available Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 30.66
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 95.3 2.9 0.8 0.2 0.8 233.11 96.8% 89.3% 96.8% 29.46 0.0041 0.24
2
3
4
5 92.3 6.0 0.7 0.3 0.8 949.71 97.2% 79.7% 96.7% 27.31 0.0037 0.20
6 92.4 5.8 0.7 0.2 0.8 1132.46 96.8% 80.2% 96.6% 29.48 0.0037 0.22
7 92.6 5.5 0.9 0.2 0.8 1312.94 96.2% 81.2% 96.4% 29.41 0.0037 0.22
8 92.6 5.2 1.0 0.3 0.9 1492.32 95.6% 82.1% 96.2% 29.18 0.0037 0.22
9 92.7 4.9 1.1 0.3 0.9 1671.74 95.1% 82.7% 96.0% 28.57 0.0037 0.21
10 93.5 3.9 1.3 0.3 1.0 1889.58 94.4% 85.8% 95.8% 29.12 0.0038 0.22
11 93.0 4.4 1.3 0.2 1.0 2066.62 94.4% 84.4% 95.6% 26.53 0.0037 0.20
12 93.1 4.4 1.3 0.3 1.0 2243.97 94.5% 84.5% 95.7% 23.55 0.0037 0.18
13 93.2 4.3 1.3 0.2 1.0 2422.06 94.4% 84.7% 95.7% 21.41 0.0037 0.16
14 93.3 4.4 1.2 0.2 1.0 2600.39 94.9% 84.5% 95.8% 19.33 0.0038 0.15
15 93.1 4.3 1.3 0.3 1.0 2780.32 94.5% 84.7% 95.6% 20.51 0.0037 0.15
16 93.3 4.1 1.3 0.3 1.0 2959.09 94.3% 85.4% 95.7% 18.38 0.0038 0.14
17 93.5 4.0 1.3 0.3 1.0 3137.86 94.6% 85.7% 95.7% 17.66 0.0038 0.13
18 93.3 4.0 1.4 0.4 1.0 3318.06 94.2% 85.7% 95.7% 17.69 0.0038 0.13
19 93.6 3.8 1.3 0.3 1.0 3496.49 94.6% 86.2% 95.7% 16.08 0.0038 0.12
20
21
22
23
24
25 94.1 3.3 1.1 0.7 0.8 5897.01 95.3% 88.0% 96.5% 16.88 0.0040 0.13
26 93.6 3.8 1.3 0.4 0.9 6080.71 94.6% 86.2% 96.1% 20.41 0.0038 0.16
27 93.6 3.9 1.3 0.3 0.9 6259.70 94.6% 85.8% 95.9% 19.20 0.0038 0.15
28 93.5 3.9 1.3 0.3 0.9 6439.14 94.4% 85.8% 95.9% 18.37 0.0038 0.14
29 93.5 3.9 1.3 0.4 0.9 6617.87 94.5% 86.1% 95.9% 18.36 0.0038 0.14
30 93.6 3.8 1.3 0.3 1.0 6797.80 94.3% 86.1% 95.8% 16.78 0.0038 0.13
31 93.6 3.7 1.3 0.4 0.9 6976.26 94.5% 86.6% 95.9% 16.86 0.0038 0.13
32 93.6 3.7 1.3 0.4 0.9 7156.03 94.4% 86.5% 95.9% 15.43 0.0038 0.12
33 93.6 3.7 1.4 0.3 1.0 7336.29 94.1% 86.5% 95.7% 16.05 0.0038 0.12
34 93.5 3.7 1.4 0.4 1.0 7515.75 94.1% 86.6% 95.6% 15.36 0.0038 0.12
35 93.4 3.7 1.4 0.5 1.0 7695.23 93.9% 86.6% 95.6% 15.45 0.0038 0.12
36 93.5 3.7 1.4 0.5 1.0 7874.68 94.2% 86.7% 95.7% 14.75 0.0038 0.11
37 93.6 3.7 1.4 0.3 1.0 8054.96 94.1% 86.6% 95.5% 14.78 0.0038 0.11
38 94.6 1.7 1.4 0.7 1.6 8231.74 94.2% 93.5% 93.0% 12.52 0.0040 0.10
39 95.6 0.9 1.1 0.6 1.8 8405.42 95.4% 96.5% 91.9% 5.91 0.0041 0.05
40 94.5 3.8 0.5 0.5 0.6 8599.41 97.7% 86.2% 97.5% 15.42 0.0040 0.12
41 94.4 3.0 1.2 0.5 1.0 8832.53 95.0% 88.9% 95.8% 23.36 0.0040 0.18
42 94.2 3.2 1.2 0.4 1.0 9011.69 94.8% 88.2% 95.6% 22.69 0.0039 0.18
43 94.0 3.4 1.3 0.3 1.0 9192.57 94.4% 87.7% 95.4% 22.00 0.0039 0.17
44 93.7 3.4 1.4 0.4 1.1 9371.92 94.1% 87.4% 95.3% 22.71 0.0038 0.17
45 93.9 3.3 1.4 0.4 1.0 9550.59 94.2% 88.0% 95.4% 21.23 0.0039 0.16
46 93.8 3.3 1.4 0.4 1.1 9730.71 94.0% 87.7% 95.2% 21.23 0.0038 0.16
47 93.9 3.4 1.3 0.4 1.0 9909.46 94.4% 87.6% 95.5% 19.67 0.0039 0.15
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Chevron Technology Ventures, LLC
Average Reaction Efficiencies ECM 255003 & Engelhard Escat 326
Average Reformate Composition  ECM 255003 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent ECM 255003 & Engelhard Escat 326
Average Reaction Efficiencies
ECM 255003 & Engelhard Escat 326
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Chevron Technology Ventures, LLC
CO2  Sorption Catalyst ECM 255008 Wt. CO2  extrudate, g 24.23 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/MgO (80/20) Density CO2, g/cc 0.7 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No.  HCM178177E + HCM178178A Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 28.73
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 95.2 2.8 0.9 0.5 0.6 557.68 96.3% 89.8% 97.6% 25.17 0.0045 0.29
2 94.5 3.1 1.0 0.6 0.7 736.09 95.6% 88.7% 97.0% 23.47 0.0043 0.27
3 94.4 3.3 1.0 0.6 0.7 914.59 95.6% 87.9% 97.1% 21.92 0.0043 0.25
4 94.2 3.3 1.1 0.7 0.7 1093.38 95.3% 88.0% 97.0% 20.39 0.0043 0.23
5 94.1 3.4 1.1 0.7 0.7 1272.31 95.3% 87.5% 97.1% 20.16 0.0043 0.22
6 94.0 3.3 1.2 0.7 0.7 1451.70 95.0% 87.9% 96.8% 18.68 0.0043 0.21
7 93.9 3.5 1.1 0.8 0.7 1630.34 95.3% 87.2% 97.1% 17.99 0.0043 0.20
8 93.3 3.9 1.3 0.8 0.7 1810.77 94.7% 86.0% 96.8% 17.51 0.0042 0.19
9 93.8 3.6 1.2 0.8 0.7 1989.43 95.1% 87.0% 97.0% 16.97 0.0042 0.19
10 94.1 3.2 1.1 0.8 0.7 2168.13 95.2% 88.2% 96.8% 15.36 0.0043 0.17
11 93.3 3.9 1.2 0.9 0.7 2348.10 94.9% 85.8% 97.0% 15.79 0.0042 0.17
12 93.6 3.5 1.2 0.9 0.8 2527.97 94.8% 87.2% 96.7% 15.21 0.0042 0.17
13 93.2 4.0 1.2 0.9 0.7 2707.39 94.8% 85.7% 96.9% 15.32 0.0042 0.17
14 93.9 3.4 1.1 0.9 0.7 2886.01 95.5% 87.5% 96.9% 13.61 0.0043 0.15
15 93.6 3.7 1.2 0.9 0.7 3066.52 95.1% 86.6% 97.1% 13.67 0.0042 0.15
16 93.5 3.7 1.1 1.0 0.7 3245.66 95.2% 86.6% 96.9% 13.58 0.0042 0.15
17 93.7 3.5 1.1 0.9 0.7 3425.90 95.2% 87.2% 97.0% 12.66 0.0042 0.14
18 93.5 3.5 1.3 0.9 0.8 3607.59 94.4% 87.1% 96.6% 14.82 0.0042 0.16
19 93.2 3.8 1.2 1.1 0.7 3785.97 94.8% 86.2% 96.9% 13.78 0.0042 0.15
20 93.0 3.8 1.4 0.9 0.8 3967.27 94.2% 86.1% 96.5% 14.71 0.0041 0.16
21 93.1 3.9 1.2 1.0 0.7 4145.73 94.7% 85.7% 96.9% 13.09 0.0041 0.14
22 93.0 4.1 1.2 1.0 0.7 4324.80 94.7% 85.3% 97.0% 12.39 0.0041 0.13
23 93.6 3.6 1.2 0.9 0.7 4505.16 95.0% 86.8% 97.0% 12.03 0.0042 0.13
24 93.5 3.6 1.2 1.0 0.7 4684.53 95.0% 86.7% 96.8% 12.49 0.0042 0.14
25 93.5 3.7 1.2 0.9 0.7 4865.54 94.8% 86.6% 97.1% 12.42 0.0042 0.14
26 93.3 3.8 1.2 1.0 0.7 5044.65 94.9% 86.1% 97.1% 12.29 0.0042 0.13
27 93.3 3.8 1.2 1.1 0.7 5224.77 95.0% 86.3% 97.2% 12.40 0.0042 0.14
28 93.3 3.8 1.2 0.9 0.7 5404.36 94.8% 86.1% 97.0% 11.81 0.0042 0.13
29 93.6 3.6 1.1 1.0 0.7 5583.96 95.2% 86.9% 97.1% 11.19 0.0042 0.12
30 92.7 4.1 1.3 1.1 0.7 5764.62 94.4% 85.1% 96.9% 12.82 0.0041 0.14
31 92.4 4.5 1.3 1.2 0.7 5943.97 94.3% 84.1% 97.0% 11.58 0.0041 0.12
32 93.3 3.7 1.2 1.0 0.7 6124.28 94.7% 86.4% 96.9% 11.27 0.0042 0.12
33 92.4 4.4 1.4 1.1 0.7 6304.35 94.0% 84.2% 96.9% 11.40 0.0040 0.12
34 93.3 3.7 1.2 1.0 0.7 6483.77 94.7% 86.6% 96.9% 10.86 0.0042 0.12
35 93.0 4.0 1.3 1.0 0.7 6663.67 94.4% 85.5% 96.9% 10.86 0.0041 0.12
36 93.2 3.8 1.3 1.1 0.7 6843.49 94.7% 86.2% 96.9% 10.89 0.0042 0.12
37 93.3 3.8 1.3 1.0 0.7 7023.44 94.6% 86.3% 96.9% 10.84 0.0042 0.12
38 93.1 3.8 1.3 1.1 0.7 7203.42 94.5% 86.1% 96.9% 10.87 0.0042 0.12
39 92.8 4.2 1.3 1.0 0.7 7383.18 94.3% 85.0% 97.0% 10.77 0.0041 0.12
40 93.2 3.8 1.2 1.1 0.7 7562.70 94.8% 86.3% 96.9% 10.26 0.0042 0.11
41 92.5 4.4 1.3 1.1 0.7 7742.83 94.4% 84.3% 97.0% 10.30 0.0041 0.11
42 92.4 4.5 1.4 1.1 0.7 7923.01 94.1% 84.1% 96.9% 9.78 0.0040 0.10
43 92.0 4.6 1.4 1.2 0.7 8103.68 93.8% 83.5% 96.9% 10.21 0.0040 0.11
44 91.7 5.1 1.4 1.1 0.7 8283.16 93.8% 82.2% 97.0% 9.67 0.0039 0.10
45 93.2 3.8 1.3 1.0 0.7 8462.93 94.5% 86.3% 96.8% 9.80 0.0042 0.11
46 93.2 3.8 1.3 1.0 0.7 8642.75 94.5% 86.3% 96.8% 9.72 0.0042 0.11
47 93.3 3.7 1.3 1.0 0.7 8822.49 94.7% 86.6% 96.9% 9.25 0.0042 0.10
48 93.4 3.7 1.3 0.9 0.7 9002.28 94.7% 86.6% 96.9% 9.29 0.0042 0.10
49 93.0 3.7 1.3 1.2 0.7 9182.45 94.4% 86.3% 96.8% 9.74 0.0042 0.11
50 93.2 3.7 1.3 1.0 0.7 9362.03 94.6% 86.4% 96.8% 9.25 0.0042 0.10
51 92.8 4.0 1.4 1.1 0.7 9542.64 94.1% 85.5% 96.8% 9.71 0.0041 0.10
52 93.2 3.8 1.3 1.0 0.7 9721.66 94.6% 86.3% 96.8% 9.17 0.0042 0.10
53 92.4 4.3 1.4 1.1 0.7 9902.52 93.8% 84.6% 96.7% 9.39 0.0040 0.10
54 92.9 4.0 1.3 1.0 0.7 10082.22 94.4% 85.5% 96.8% 9.23 0.0041 0.10
55 93.1 3.8 1.3 1.1 0.7 10261.85 94.4% 86.2% 97.1% 9.24 0.0042 0.10
56 93.0 3.8 1.4 1.1 0.7 10442.63 94.0% 86.1% 96.9% 9.24 0.0041 0.10
57 93.0 3.7 1.3 1.3 0.7 10621.35 94.5% 86.4% 97.0% 9.19 0.0042 0.10
58 92.6 4.2 1.4 1.1 0.7 10802.68 94.0% 84.9% 97.0% 8.61 0.0041 0.09
59 93.2 3.8 1.3 1.1 0.7 10981.45 94.6% 86.2% 97.0% 8.70 0.0042 0.09
60 93.1 3.8 1.4 1.0 0.7 11162.21 94.2% 86.2% 96.9% 8.65 0.0041 0.09
61 93.1 3.8 1.3 1.0 0.7 11341.25 94.4% 86.0% 96.9% 8.63 0.0041 0.09
62 92.9 3.7 1.3 1.3 0.7 11521.08 94.4% 86.4% 96.9% 8.64 0.0042 0.09
63 93.2 3.7 1.3 1.0 0.7 11701.11 94.5% 86.4% 96.8% 8.14 0.0042 0.09
64 92.9 3.8 1.4 1.1 0.7 11881.68 94.0% 86.1% 96.7% 8.73 0.0041 0.09
65 93.1 3.8 1.3 1.0 0.7 12061.01 94.3% 86.2% 96.8% 8.21 0.0041 0.09
66 93.1 3.7 1.3 1.1 0.7 12240.98 94.4% 86.5% 96.8% 8.10 0.0042 0.09
67 92.9 3.7 1.3 1.3 0.7 12420.96 94.4% 86.4% 96.8% 8.12 0.0042 0.09
68 92.9 3.8 1.4 1.2 0.7 12601.08 94.1% 86.2% 96.7% 8.62 0.0041 0.09
69 92.9 3.8 1.4 1.1 0.7 12781.40 94.1% 86.1% 96.7% 8.12 0.0041 0.09
70 92.9 3.8 1.4 1.1 0.7 12960.95 94.2% 86.2% 96.7% 8.16 0.0041 0.09
71 92.9 3.9 1.4 1.1 0.7 13141.08 94.2% 86.0% 96.8% 7.55 0.0041 0.08
72 92.8 3.8 1.4 1.2 0.7 13320.66 94.2% 86.1% 96.8% 8.22 0.0041 0.09
73 92.9 3.8 1.4 1.1 0.7 13501.38 94.0% 86.2% 96.7% 8.10 0.0041 0.09
74 93.0 3.7 1.3 1.3 0.7 13680.32 94.5% 86.5% 96.8% 8.11 0.0042 0.09
75 93.1 3.7 1.3 1.1 0.7 13860.91 94.4% 86.4% 96.8% 7.64 0.0042 0.08
76 93.0 3.7 1.3 1.2 0.7 14040.41 94.4% 86.4% 96.8% 8.14 0.0042 0.09
77 93.0 3.8 1.4 1.1 0.7 14221.21 94.0% 86.2% 96.7% 8.19 0.0041 0.09
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Average Reaction Efficiencies ECM 255008 & Engelhard Escat 326
Average Reformate Composition  ECM 255008 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent ECM 255008 & Engelhard Escat 326
Average Reaction Efficiencies
ECM 255008 & Engelhard Escat 326
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst ECM 255019 Wt. CO2  extrudate, g 24.91 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/Al2O3 (95/5) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. PCB953401A­1 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 29.41
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 94.1 2.4 1.8 0.2 1.4 233.13 92.4% 91.0% 93.4% 29.47 0.0040 0.25
2 93.7 2.5 2.0 0.1 1.6 411.22 91.4% 90.4% 92.8% 27.23 0.0039 0.22
3 93.6 2.5 2.1 0.2 1.6 588.20 91.2% 90.6% 92.6% 24.24 0.0039 0.20
4 93.4 2.5 2.2 0.2 1.6 766.77 91.0% 90.4% 92.4% 23.53 0.0039 0.19
5 93.6 2.5 2.1 0.2 1.6 945.32 91.3% 90.5% 92.5% 21.48 0.0039 0.18
6 93.6 2.5 2.1 0.2 1.6 1123.67 91.3% 90.7% 92.5% 20.68 0.0039 0.17
7 93.5 2.5 2.1 0.2 1.6 1303.40 91.2% 90.6% 92.4% 19.87 0.0039 0.16
8 93.6 2.5 2.1 0.3 1.6 1482.15 91.3% 90.7% 92.5% 19.00 0.0039 0.15
9 93.6 2.4 2.1 0.3 1.6 1661.53 91.3% 90.8% 92.5% 18.35 0.0039 0.15
10 93.5 2.4 2.2 0.4 1.5 1879.14 91.0% 90.9% 92.9% 18.67 0.0039 0.15
11 93.6 2.4 2.1 0.4 1.5 2057.81 91.2% 90.9% 93.1% 17.72 0.0040 0.15
12 93.5 2.4 2.2 0.3 1.6 2238.12 90.8% 90.8% 92.7% 17.69 0.0039 0.14
13 93.7 2.4 2.1 0.2 1.5 2417.67 91.1% 90.8% 92.8% 16.90 0.0039 0.14
14 93.6 2.4 2.2 0.2 1.6 2597.45 91.0% 90.8% 92.7% 16.38 0.0039 0.13
15 93.4 2.5 2.2 0.3 1.6 2776.70 90.7% 90.7% 92.5% 16.77 0.0039 0.14
16 93.0 2.8 2.3 0.3 1.6 2956.16 90.4% 89.6% 92.4% 15.43 0.0038 0.12
17 93.2 2.5 2.3 0.3 1.6 3135.68 90.5% 90.7% 92.6% 15.46 0.0039 0.12
18 93.3 2.5 2.3 0.3 1.6 3315.89 90.4% 90.7% 92.4% 15.50 0.0039 0.13
19 93.2 2.5 2.3 0.4 1.6 3495.79 90.5% 90.6% 92.4% 15.37 0.0039 0.12
20 93.3 2.5 2.3 0.3 1.6 3675.53 90.3% 90.6% 92.4% 14.82 0.0039 0.12
21 93.4 2.4 2.2 0.3 1.6 3854.80 90.7% 90.8% 92.6% 14.13 0.0039 0.11
22 93.2 2.5 2.4 0.3 1.7 4035.28 90.1% 90.5% 92.1% 14.00 0.0039 0.11
23 93.3 2.5 2.2 0.4 1.6 4214.35 90.8% 90.6% 92.4% 13.90 0.0039 0.11
24 93.1 2.4 2.3 0.5 1.7 4393.84 90.3% 90.9% 92.2% 13.88 0.0039 0.11
25 93.2 2.4 2.3 0.5 1.6 4573.70 90.6% 90.8% 92.4% 13.21 0.0039 0.11
26 93.0 2.4 2.3 0.6 1.7 4753.64 90.5% 90.8% 91.9% 13.94 0.0039 0.11
27 93.3 2.4 2.2 0.4 1.7 4933.66 90.6% 90.9% 92.1% 13.26 0.0039 0.11
28 93.3 2.4 2.2 0.3 1.7 5113.57 90.7% 90.8% 92.2% 12.44 0.0039 0.10
29 93.3 2.4 2.2 0.4 1.7 5292.59 90.8% 91.0% 92.3% 12.36 0.0039 0.10
30 93.3 2.4 2.3 0.4 1.7 5472.93 90.5% 91.0% 92.1% 12.47 0.0039 0.10
31 93.4 2.4 2.2 0.3 1.7 5652.80 90.6% 90.8% 92.2% 11.78 0.0039 0.10
32 93.3 2.5 2.3 0.5 1.5 5879.42 90.5% 90.6% 93.1% 12.55 0.0039 0.10
33 92.9 2.7 2.4 0.5 1.5 6059.53 90.0% 89.7% 92.8% 12.52 0.0038 0.10
34 93.3 2.5 2.3 0.4 1.5 6239.02 90.6% 90.6% 92.9% 11.94 0.0039 0.10
35 93.2 2.5 2.3 0.4 1.6 6419.29 90.3% 90.5% 92.5% 11.89 0.0039 0.10
36 93.1 2.6 2.2 0.6 1.5 6598.00 90.7% 90.2% 93.0% 11.81 0.0039 0.10
37 93.2 2.7 2.2 0.3 1.5 6778.86 90.6% 89.8% 92.9% 11.04 0.0039 0.09
38 93.3 2.6 2.3 0.2 1.6 6958.62 90.4% 90.2% 92.6% 11.10 0.0039 0.09
39 93.1 2.6 2.4 0.3 1.6 7138.45 90.0% 90.3% 92.6% 11.04 0.0039 0.09
40 93.1 2.7 2.3 0.3 1.5 7318.02 90.5% 89.8% 92.9% 10.99 0.0039 0.09
41 93.3 2.5 2.2 0.4 1.6 7497.46 90.8% 90.7% 92.8% 10.33 0.0039 0.08
42 93.0 2.5 2.4 0.4 1.6 7678.32 90.1% 90.4% 92.4% 10.32 0.0039 0.08
43 93.1 2.5 2.3 0.5 1.6 7857.73 90.4% 90.5% 92.4% 11.16 0.0039 0.09
44 93.4 2.4 2.1 0.5 1.6 8037.28 91.2% 90.8% 92.8% 10.37 0.0039 0.08
45 93.1 2.5 2.4 0.4 1.6 8217.78 90.1% 90.6% 92.3% 10.39 0.0039 0.08
46 93.2 2.5 2.2 0.4 1.6 8397.36 90.8% 90.6% 92.5% 9.62 0.0039 0.08
47 93.4 2.4 2.1 0.5 1.6 8576.66 91.0% 90.9% 92.6% 10.31 0.0039 0.08
48 93.3 2.4 2.2 0.4 1.6 8819.49 90.6% 90.8% 92.4% 10.30 0.0039 0.08
49 93.1 2.4 2.3 0.5 1.6 8999.30 90.2% 90.8% 92.3% 10.29 0.0039 0.08
50 93.4 2.4 2.2 0.4 1.6 9178.67 90.9% 90.9% 92.5% 9.63 0.0039 0.08
51 93.2 2.4 2.3 0.5 1.6 9358.75 90.5% 90.9% 92.5% 9.52 0.0039 0.08
52 93.3 2.4 2.3 0.4 1.6 9538.90 90.6% 90.8% 92.3% 9.53 0.0039 0.08
53 93.5 2.3 2.2 0.4 1.6 9718.31 90.9% 91.1% 92.7% 8.72 0.0039 0.07
54 93.1 2.4 2.3 0.5 1.7 9898.54 90.5% 90.7% 92.2% 10.27 0.0039 0.08
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst ECM 255021 Wt. CO2  extrudate, g 19.63 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/Al2O3 (90/10) Density CO2, g/cc 0.6 GHSV, hr­1 390
Binder 10%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. PCB954103A­1 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 24.13
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 91.6 5.5 1.5 0.3 1.0 211.05 93.4% 81.1% 95.6% 25.52 0.0047 0.31
2 91.2 5.7 1.6 0.4 1.1 387.40 93.2% 80.4% 95.2% 21.53 0.0046 0.26
3 91.7 5.1 1.7 0.3 1.2 567.38 92.9% 82.0% 94.6% 20.86 0.0047 0.24
4 92.1 4.7 1.6 0.3 1.2 744.12 93.2% 83.2% 94.5% 18.51 0.0048 0.22
5 91.3 5.6 1.7 0.3 1.2 920.53 92.9% 80.7% 94.6% 13.81 0.0046 0.16
6 92.1 4.8 1.6 0.3 1.2 1098.93 93.1% 83.2% 94.6% 12.80 0.0048 0.17
7 90.6 6.0 1.8 0.4 1.2 1277.80 92.2% 79.5% 94.5% 9.71 0.0045 0.12
8 90.6 5.9 1.8 0.4 1.2 1455.57 92.1% 79.7% 94.5% 7.66 0.0045 0.10
9 91.8 4.9 1.7 0.3 1.3 1639.56 92.8% 82.7% 94.2% 11.68 0.0047 0.14
10 92.3 4.3 1.7 0.4 1.3 1818.40 92.8% 84.4% 94.4% 12.60 0.0048 0.15
11 92.0 4.4 1.8 0.6 1.3 2015.30 92.5% 84.3% 94.1% 12.05 0.0048 0.16
12 91.7 4.7 1.8 0.4 1.3 2179.54 92.3% 83.2% 93.9% 13.28 0.0047 0.15
13 91.2 5.2 1.9 0.4 1.3 2356.88 92.0% 81.6% 94.1% 10.46 0.0046 0.14
14 91.9 4.5 1.8 0.5 1.3 2547.60 92.4% 83.8% 94.2% 10.42 0.0047 0.13
15 90.5 5.8 1.9 0.4 1.3 2715.71 91.8% 79.9% 94.1% 8.20 0.0045 0.12
16 92.4 4.1 1.7 0.4 1.3 2898.18 92.6% 85.1% 94.0% 11.01 0.0048 0.14
17 91.4 4.9 1.8 0.6 1.3 3076.03 92.1% 82.7% 94.0% 10.58 0.0047 0.11
18 92.4 4.1 1.8 0.4 1.4 3257.99 92.5% 85.2% 93.8% 10.95 0.0048 0.11
19 92.4 4.0 1.7 0.6 1.4 3437.02 92.8% 85.6% 93.9% 11.70 0.0049 0.12
20 90.9 5.2 2.0 0.5 1.4 4157.69 91.4% 81.8% 93.7% 10.46 0.0046 0.12
21 91.5 4.8 1.9 0.5 1.3 3797.10 92.0% 82.9% 94.1% 9.52 0.0047 0.11
22 92.1 4.2 1.8 0.6 1.3 3976.08 92.5% 84.8% 94.1% 10.29 0.0048 0.12
23 90.9 5.2 2.0 0.5 1.4 4157.69 91.4% 81.8% 93.7% 10.46 0.0046 0.12
24 92.2 4.2 1.7 0.5 1.3 4336.12 92.7% 84.8% 94.1% 10.25 0.0048 0.12
25 92.8 3.6 1.7 0.7 1.3 4516.17 92.9% 86.9% 94.2% 10.29 0.0049 0.13
26 92.0 4.6 1.7 0.4 1.3 4696.78 92.6% 83.7% 94.1% 10.46 0.0047 0.12
27 91.0 5.4 1.9 0.5 1.2 4875.18 91.9% 81.1% 94.4% 8.28 0.0046 0.10
28 90.9 5.4 1.9 0.5 1.3 5063.61 91.7% 81.1% 94.2% 9.20 0.0046 0.11
29 91.2 5.3 1.8 0.4 1.3 5235.88 92.2% 81.4% 94.3% 9.38 0.0046 0.10
30 92.3 4.1 1.8 0.4 1.3 5417.08 92.4% 85.2% 93.9% 10.09 0.0048 0.12
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst ECM 255022 Wt. CO2  extrudate, g 19.99 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/Al2O3 (90/10) Density CO2, g/cc 0.6 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. PCB954103A­1 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 24.49
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 91.61 3.03 3.04 0.44 1.86 214.07 0.87 0.89 0.91 24.10 0.0045 0.27
2 92.16 2.70 3.05 0.32 1.74 391.51 0.87 0.90 0.92 22.42 0.0046 0.26
3 92.55 2.09 3.24 0.33 1.76 571.23 0.86 0.92 0.91 22.24 0.0046 0.26
4 92.74 1.93 3.29 0.25 1.77 750.10 0.86 0.93 0.91 20.77 0.0047 0.24
5 92.87 1.82 3.30 0.21 1.79 929.83 0.86 0.93 0.91 20.06 0.0047 0.23
6 92.85 1.78 3.30 0.27 1.79 1108.74 0.86 0.93 0.91 20.09 0.0047 0.24
7 92.81 1.79 3.31 0.28 1.78 1288.43 0.86 0.93 0.91 19.31 0.0047 0.23
8 93.07 1.79 3.12 0.28 1.73 1467.49 0.87 0.93 0.92 17.86 0.0047 0.21
9 93.12 1.77 3.06 0.27 1.77 1647.24 0.87 0.93 0.91 18.65 0.0047 0.22
10 93.08 1.81 3.06 0.29 1.75 1827.12 0.87 0.93 0.91 17.89 0.0047 0.21
11 93.04 1.82 3.05 0.30 1.76 2006.32 0.87 0.93 0.91 17.91 0.0047 0.21
12 93.09 1.80 3.03 0.31 1.75 2186.15 0.87 0.93 0.91 17.08 0.0048 0.20
13 92.99 1.84 3.05 0.35 1.76 2365.98 0.87 0.93 0.91 17.90 0.0047 0.21
14 92.98 1.90 3.03 0.35 1.74 2545.70 0.87 0.93 0.92 17.14 0.0047 0.20
15 93.14 1.88 2.98 0.24 1.75 2725.43 0.88 0.93 0.92 16.31 0.0048 0.19
16 93.13 1.91 2.97 0.23 1.76 2905.88 0.88 0.93 0.91 16.34 0.0047 0.19
17 93.09 1.90 2.88 0.48 1.63 3084.91 0.88 0.93 0.92 16.42 0.0048 0.20
18 93.23 1.89 2.91 0.33 1.62 3265.16 0.88 0.93 0.92 16.34 0.0048 0.20
19 93.25 1.90 2.85 0.33 1.67 3444.81 0.88 0.93 0.92 15.62 0.0048 0.19
20 93.22 1.90 2.95 0.24 1.67 3625.13 0.88 0.93 0.92 15.63 0.0048 0.19
21 93.15 1.92 2.93 0.29 1.69 3805.43 0.88 0.93 0.92 15.58 0.0048 0.19
22 93.16 1.96 2.88 0.31 1.66 3984.27 0.88 0.92 0.92 15.54 0.0048 0.19
23 93.19 1.94 2.88 0.33 1.64 4164.63 0.88 0.93 0.92 15.66 0.0048 0.19
24 93.25 1.94 2.84 0.26 1.69 4344.09 0.88 0.93 0.92 14.86 0.0048 0.18
25 93.13 1.94 2.90 0.29 1.72 4524.33 0.88 0.93 0.92 14.91 0.0048 0.18
26 92.98 2.04 2.98 0.24 1.74 4708.26 0.88 0.92 0.92 14.11 0.0047 0.17
27 92.88 1.88 2.97 0.47 1.77 4883.38 0.88 0.93 0.91 14.97 0.0047 0.18
28 92.99 1.91 2.92 0.41 1.75 5064.22 0.88 0.93 0.91 15.03 0.0048 0.18
29 93.15 1.89 2.80 0.41 1.73 5243.47 0.88 0.93 0.92 14.91 0.0048 0.18
30 92.97 2.04 2.84 0.43 1.70 5423.34 0.88 0.92 0.92 14.12 0.0048 0.17
31 93.21 1.91 2.87 0.28 1.70 5603.66 0.88 0.93 0.92 14.11 0.0048 0.17
32 93.17 1.90 2.89 0.28 1.73 5783.99 0.88 0.93 0.92 14.08 0.0048 0.17
33 93.16 1.93 2.86 0.34 1.69 5963.08 0.88 0.93 0.92 14.21 0.0048 0.17
34 93.04 1.99 2.94 0.40 1.63 6143.30 0.88 0.92 0.92 14.18 0.0048 0.17
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst *ECM 255029 Wt. CO2  extrudate, g 24.98 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb *CaO/Al203 (95/5) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. PCB952502A­2 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 29.48
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 94.5 1.7 1.9 0.4 1.5 510.86 92.3% 93.4% 93.3% 29.40 0.0041 0.29
2 94.2 1.8 2.0 0.4 1.6 691.34 91.5% 93.0% 92.8% 29.44 0.0040 0.29
3 94.0 1.9 2.1 0.4 1.6 870.20 91.1% 92.8% 92.4% 28.85 0.0040 0.28
4 93.6 1.9 2.3 0.4 1.7 1050.94 90.3% 92.6% 91.7% 29.45 0.0039 0.28
5 93.7 2.0 2.2 0.4 1.6 1227.53 90.7% 92.2% 92.3% 26.55 0.0040 0.26
6 94.1 1.8 2.0 0.4 1.6 1406.83 91.5% 93.0% 92.5% 24.82 0.0040 0.24
7 93.9 1.9 2.1 0.4 1.7 1586.01 91.0% 92.7% 92.3% 24.64 0.0040 0.24
8 93.7 1.9 2.2 0.5 1.7 1765.28 90.9% 92.7% 92.2% 24.78 0.0040 0.24
9 93.8 1.9 2.2 0.4 1.7 1944.53 90.9% 92.6% 92.2% 23.16 0.0040 0.22
10 93.7 1.9 2.2 0.4 1.7 2123.86 90.8% 92.6% 92.1% 23.07 0.0040 0.22
11 93.7 2.0 2.2 0.4 1.7 2303.54 90.6% 92.4% 92.1% 21.95 0.0039 0.21
12 93.6 2.0 2.2 0.5 1.7 2481.78 90.7% 92.4% 92.2% 21.60 0.0040 0.21
13 93.5 2.2 2.2 0.4 1.6 2663.40 90.6% 91.6% 92.5% 19.48 0.0039 0.19
14 93.4 2.1 2.4 0.4 1.7 2840.90 90.2% 92.1% 92.0% 20.39 0.0039 0.19
15 93.4 2.0 2.3 0.5 1.7 3020.40 90.2% 92.1% 92.0% 19.57 0.0039 0.19
16 93.5 2.0 2.3 0.5 1.7 3199.74 90.5% 92.2% 92.1% 18.85 0.0039 0.18
17 93.3 2.1 2.4 0.5 1.7 3380.00 90.0% 91.9% 91.9% 18.69 0.0039 0.18
18 93.4 2.1 2.3 0.4 1.7 3559.05 90.2% 92.1% 92.0% 18.17 0.0039 0.17
19 93.5 2.0 2.3 0.6 1.7 3738.06 90.6% 92.3% 92.2% 17.61 0.0039 0.17
20 93.6 2.0 2.3 0.4 1.7 3917.94 90.4% 92.3% 92.1% 17.06 0.0039 0.16
21 93.6 2.0 2.2 0.4 1.7 4097.82 90.7% 92.4% 92.1% 16.51 0.0039 0.16
22 93.6 2.0 2.3 0.5 1.7 4277.34 90.6% 92.4% 92.0% 16.61 0.0039 0.16
23
24
25
26
27
28
29
30 93.9 2.1 2.1 0.4 1.5 5718.02 91.2% 92.1% 93.1% 17.46 0.0040 0.17
31 94.1 2.0 2.0 0.4 1.5 5897.39 91.7% 92.2% 93.2% 17.02 0.0040 0.17
32 93.4 2.3 2.3 0.4 1.6 6076.92 90.5% 91.3% 92.8% 16.07 0.0039 0.15
33 93.4 2.3 2.2 0.5 1.5 6255.96 90.6% 91.3% 92.8% 16.07 0.0039 0.15
34 93.7 2.1 2.1 0.6 1.5 6436.49 91.4% 91.9% 92.9% 16.22 0.0040 0.16
35
36 93.6 2.0 2.1 0.6 1.6 9670.65 91.2% 92.2% 92.5% 10.81 0.0040 0.10
37 93.5 2.0 2.1 0.7 1.6 9850.74 91.1% 92.2% 92.4% 10.88 0.0040 0.11
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Chevron Technology Ventures, LLC
CO2  Sorption Catalyst *ECM255036  Wt. CO2  extrudate, g 27 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb *CaO/Al203 (90/10) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. ECM255032 + ECM255033 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 31.5
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 94.7 2.3 1.5 0.6 0.9 209.62 93.9% 91.3% 96.0% 30.26 0.0039 0.31
2 93.7 3.0 1.7 0.6 0.9 390.27 92.8% 88.8% 95.7% 29.57 0.0037 0.29
3 93.6 3.0 1.7 0.7 1.0 568.96 92.6% 89.0% 95.6% 29.41 0.0037 0.29
4 93.4 3.2 1.8 0.6 1.0 747.38 92.6% 88.2% 95.5% 26.57 0.0037 0.26
5 93.2 3.5 1.6 0.8 1.0 924.20 93.1% 87.3% 95.6% 24.47 0.0037 0.24
6 93.7 3.0 1.6 0.6 1.0 1104.68 93.2% 88.7% 95.5% 24.05 0.0037 0.24
7 94.3 2.5 1.6 0.6 1.0 1284.00 93.4% 90.4% 95.4% 23.82 0.0038 0.24
8 94.4 2.5 1.5 0.7 1.0 1461.75 93.9% 90.6% 95.7% 21.77 0.0039 0.22
9 93.6 3.0 1.6 0.7 1.0 1641.84 93.1% 88.8% 95.5% 21.74 0.0037 0.22
10 93.4 3.1 1.7 0.8 1.0 1821.74 92.6% 88.5% 95.3% 21.69 0.0037 0.21
11 93.2 3.2 1.9 0.8 1.0 2001.27 92.2% 88.2% 95.3% 21.36 0.0037 0.21
12 93.9 2.8 1.7 0.7 1.0 2180.77 93.1% 89.7% 95.5% 20.19 0.0038 0.20
13 94.1 2.5 1.6 0.7 1.1 2360.87 93.1% 90.4% 95.3% 21.21 0.0038 0.21
14 94.6 2.4 1.5 0.6 0.9 2540.22 93.9% 91.0% 95.9% 19.58 0.0039 0.20
15 94.3 2.4 1.6 0.6 1.1 2720.57 93.2% 90.8% 95.2% 20.70 0.0038 0.21
16 94.4 2.4 1.5 0.7 1.0 2899.40 93.6% 91.0% 95.4% 19.68 0.0038 0.20
17 94.3 2.4 1.6 0.7 1.0 3079.20 93.4% 90.9% 95.3% 19.69 0.0038 0.20
18 94.3 2.4 1.6 0.7 1.0 3258.65 93.4% 91.0% 95.3% 18.66 0.0038 0.19
19 94.3 2.4 1.6 0.8 1.0 3438.09 93.5% 91.0% 95.4% 18.12 0.0038 0.19
20 94.2 2.4 1.6 0.7 1.0 3617.46 93.4% 90.8% 95.3% 17.55 0.0038 0.18
21 94.3 2.4 1.6 0.7 1.0 3797.18 93.4% 90.8% 95.4% 16.42 0.0038 0.17
22 94.2 2.4 1.6 0.7 1.0 3976.59 93.2% 90.8% 95.4% 16.41 0.0038 0.17
23 94.1 2.4 1.6 0.8 1.0 4155.96 93.1% 90.8% 95.4% 15.90 0.0038 0.16
24 94.1 2.5 1.7 0.7 1.0 4335.40 93.0% 90.7% 95.3% 15.36 0.0038 0.16
25 94.2 2.4 1.6 0.7 1.0 4514.57 93.2% 90.8% 95.5% 14.23 0.0038 0.15
26 95.4 1.3 1.6 0.5 1.2 4694.21 93.3% 94.9% 94.6% 14.36 0.0040 0.15
27 94.1 2.5 1.6 0.9 1.0 4873.15 93.5% 90.7% 95.6% 13.83 0.0038 0.14
28 94.1 2.5 1.6 0.8 1.0 5053.73 93.1% 90.5% 95.5% 13.34 0.0038 0.14
29 94.1 2.5 1.6 0.7 1.0 5232.76 93.2% 90.5% 95.5% 12.70 0.0038 0.13
30 94.1 2.5 1.6 0.8 1.0 5412.79 93.1% 90.5% 95.5% 12.23 0.0038 0.12
31 94.1 2.5 1.7 0.7 1.0 5592.47 93.0% 90.5% 95.5% 12.22 0.0038 0.12
32 93.9 2.5 1.7 0.9 1.0 5772.13 92.9% 90.6% 95.4% 12.16 0.0038 0.12
33 93.8 2.6 1.7 0.9 1.0 5951.60 92.9% 90.4% 95.5% 12.17 0.0038 0.12
34 93.8 2.6 1.8 0.8 1.0 6131.98 92.6% 90.3% 95.4% 11.65 0.0038 0.12
35 93.9 2.5 1.7 0.8 1.0 6311.36 92.8% 90.4% 95.5% 11.59 0.0038 0.12
36 94.0 2.5 1.7 0.8 1.0 6491.23 93.0% 90.4% 95.5% 11.12 0.0038 0.11
37 93.9 2.5 1.6 0.9 1.0 6670.92 93.1% 90.5% 95.5% 10.61 0.0038 0.11
38 94.2 2.5 1.7 0.7 1.0 464.62 92.9% 90.6% 95.7% 11.76 0.0038 0.12
39 94.3 2.4 1.6 0.6 0.9 643.86 93.1% 90.8% 95.8% 10.79 0.0038 0.11
40 93.8 2.7 1.8 0.7 0.9 823.85 92.3% 89.8% 95.7% 10.32 0.0038 0.10
41 93.7 2.8 1.8 0.7 0.9 1003.99 92.3% 89.6% 95.8% 11.05 0.0038 0.11
42 93.6 2.8 1.9 0.8 1.0 1183.87 92.0% 89.6% 95.6% 10.62 0.0037 0.11
43 93.5 2.8 1.9 0.9 0.9 1363.57 92.1% 89.5% 95.7% 10.16 0.0037 0.10
44 93.2 3.1 1.8 1.1 0.9 1542.50 92.6% 88.5% 96.0% 10.09 0.0037 0.10
45 93.2 3.1 1.8 0.9 0.9 1723.05 92.2% 88.5% 96.0% 9.59 0.0037 0.09
46 93.4 3.2 1.7 0.9 0.9 1902.34 92.7% 88.3% 96.1% 8.95 0.0037 0.09
47 92.9 3.3 1.8 1.0 0.9 2082.34 92.3% 87.7% 95.8% 8.97 0.0037 0.09
48 93.7 2.9 1.8 0.8 0.8 2262.01 92.6% 89.2% 96.2% 9.02 0.0038 0.09
49 93.7 2.8 1.7 0.8 0.9 2441.98 92.8% 89.5% 95.8% 8.55 0.0038 0.09
50 93.2 3.2 1.8 0.9 0.9 2621.09 92.4% 88.0% 96.1% 8.03 0.0037 0.08
51 92.6 3.4 1.9 1.2 0.9 2801.22 91.8% 87.4% 95.9% 8.44 0.0036 0.08
52 92.9 3.5 1.9 0.9 0.8 2981.31 92.0% 87.2% 96.2% 7.98 0.0036 0.08
53
54
55
56
57
58
59
60
61
62
63
64 92.3 3.6 2.4 0.7 0.9 6225.63 89.7% 86.7% 95.6% 3.65 0.0035 0.03
65 93.2 3.2 1.8 0.8 0.9 6401.27 92.3% 88.1% 95.9% 7.17 0.0037 0.07
66 91.8 3.9 2.2 1.3 0.8 6581.40 90.8% 85.8% 96.1% 7.54 0.0035 0.07
67 92.0 3.9 2.2 1.0 0.9 6761.57 90.8% 85.8% 96.0% 7.95 0.0035 0.07
68 92.6 3.5 2.0 1.1 0.9 6941.54 91.6% 87.3% 95.9% 7.93 0.0036 0.08
69 92.7 3.5 1.9 1.1 0.9 7120.75 92.1% 87.2% 96.0% 6.41 0.0036 0.06
70 92.4 3.5 2.1 1.1 0.9 7301.44 91.1% 87.2% 95.7% 7.90 0.0036 0.08
71 92.2 3.7 2.1 1.2 0.9 7480.64 91.2% 86.5% 96.0% 6.44 0.0036 0.06
72 91.8 3.8 2.1 1.4 0.8 7660.50 90.9% 86.0% 96.1% 7.08 0.0036 0.07
73 92.2 3.7 2.1 1.1 0.9 7840.75 91.1% 86.4% 96.0% 6.48 0.0036 0.06
74 92.2 3.4 2.0 1.5 0.9 8020.76 91.4% 87.6% 95.7% 8.00 0.0036 0.08
75 92.7 3.3 2.1 1.0 0.9 8200.78 91.3% 87.8% 95.7% 6.55 0.0036 0.06
76 92.4 3.5 2.1 1.0 0.9 8380.73 90.9% 87.0% 95.7% 7.11 0.0036 0.07
77 92.5 3.3 2.0 1.3 0.9 8559.78 91.7% 87.8% 95.8% 6.44 0.0037 0.06
78 91.7 4.1 2.4 0.9 0.9 8741.30 90.0% 85.1% 95.8% 7.06 0.0035 0.07
79 92.3 3.5 1.9 1.4 0.8 8919.18 91.8% 86.9% 96.2% 5.72 0.0036 0.06
80 91.2 4.1 2.5 1.2 0.9 9101.29 89.5% 85.1% 95.7% 7.02 0.0034 0.06
81 92.1 3.6 2.2 1.2 0.9 9280.05 90.5% 86.8% 95.7% 6.45 0.0036 0.06
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst *ECM255036  Wt. CO2  extrudate, g 30 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb *CaO/Al203 (90/10) Density CO2, g/cc 0.9 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. ECM255032 + ECM255033 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 34.5
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 94.3 1.7 2.3 0.5 1.2 7343.51 90.6% 93.3% 94.3% 29.53 0.1002 0.22
2 94.1 1.7 2.4 0.4 1.3 7523.55 90.0% 93.3% 94.0% 29.48 0.0991 0.22
3 93.9 1.8 2.5 0.4 1.3 7703.70 89.6% 93.0% 93.7% 29.57 0.0983 0.22
4 93.7 1.8 2.7 0.4 1.4 7884.08 89.0% 93.0% 93.4% 29.51 0.0971 0.21
5 93.5 1.9 2.7 0.5 1.4 8064.07 88.8% 92.8% 93.2% 29.42 0.0963 0.21
6 93.4 1.8 2.7 0.5 1.4 8243.50 88.6% 92.9% 93.0% 30.09 0.0981 0.22
7 93.5 1.9 2.6 0.6 1.4 8421.56 89.0% 92.8% 93.4% 27.76 0.0912 0.20
8 93.6 1.8 2.7 0.5 1.4 8600.92 88.8% 92.9% 93.4% 27.25 0.0894 0.20
9 93.6 1.9 2.6 0.5 1.4 8780.13 89.1% 92.7% 93.5% 26.10 0.0859 0.19
10 93.6 1.9 2.7 0.5 1.4 8959.98 88.8% 92.8% 93.5% 25.75 0.0845 0.19
11 93.5 1.9 2.6 0.6 1.4 9139.35 89.0% 92.7% 93.4% 25.59 0.0840 0.18
12 93.6 1.9 2.7 0.5 1.4 9319.19 88.9% 92.8% 93.4% 24.97 0.0820 0.18
13 93.4 2.0 2.7 0.6 1.4 9498.63 88.9% 92.5% 93.4% 25.11 0.0821 0.18
14 93.3 1.9 2.7 0.6 1.4 9678.24 88.7% 92.6% 93.5% 24.39 0.0797 0.17
15 93.4 2.0 2.8 0.5 1.4 9858.06 88.5% 92.4% 93.3% 23.72 0.0772 0.17
16 93.5 1.9 2.7 0.5 1.3 10037.41 88.9% 92.6% 93.6% 22.82 0.0748 0.16
17 93.4 1.9 2.7 0.6 1.4 10216.29 88.8% 92.6% 93.5% 22.65 0.0742 0.16
18 93.6 1.9 2.6 0.6 1.3 10396.13 89.0% 92.7% 93.6% 21.88 0.0720 0.16
19 93.3 2.0 2.7 0.6 1.4 10576.12 88.8% 92.2% 93.4% 22.36 0.0728 0.16
20 93.4 1.9 2.7 0.6 1.4 10755.24 88.8% 92.6% 93.5% 21.22 0.0695 0.15
21 93.4 2.0 2.6 0.6 1.4 10934.80 89.0% 92.2% 93.5% 20.71 0.0677 0.15
22 93.4 1.9 2.7 0.6 1.4 11114.35 88.7% 92.7% 93.4% 20.49 0.0670 0.15
23 93.3 2.0 2.7 0.6 1.4 11294.76 88.8% 92.2% 93.4% 20.17 0.0657 0.14
24 93.5 1.9 2.6 0.7 1.3 11472.99 89.1% 92.7% 93.6% 19.49 0.0642 0.14
25
26
27
28 Water rate 1/2 <90% H2 for 8 cycles
29
30
31
32
33
34 93.1 2.0 2.9 0.7 1.4 13089.49 88.0% 92.4% 93.3% 15.08 0.0488 0.11
35 93.3 1.9 2.8 0.6 1.4 13270.61 88.5% 92.6% 93.4% 16.22 0.0529 0.12
36 93.3 1.9 2.8 0.6 1.4 13451.07 88.5% 92.6% 93.4% 16.80 0.0549 0.12
37 93.2 2.0 2.8 0.6 1.4 13630.88 88.4% 92.4% 93.4% 16.83 0.0547 0.12
38 93.3 1.9 2.7 0.7 1.4 13810.81 88.6% 92.6% 93.4% 16.64 0.0543 0.12
39 93.4 1.9 2.7 0.6 1.3 13990.29 88.8% 92.6% 93.6% 16.28 0.0534 0.12
40 93.3 1.9 2.7 0.7 1.3 14170.02 88.8% 92.6% 93.6% 16.16 0.0530 0.12
41 93.4 1.9 2.7 0.6 1.4 14350.62 88.7% 92.7% 93.4% 15.59 0.0510 0.11
42 93.3 1.9 2.8 0.6 1.4 14530.22 88.5% 92.6% 93.3% 16.13 0.0525 0.12
43 93.4 1.9 2.7 0.6 1.4 14709.89 88.8% 92.7% 93.5% 15.21 0.0498 0.11
44 93.4 1.9 2.7 0.6 1.4 14889.43 88.6% 92.7% 93.4% 15.56 0.0509 0.11
45 93.3 1.9 2.7 0.8 1.4 15068.90 88.8% 92.6% 93.5% 15.02 0.0492 0.11
46 93.3 1.9 2.7 0.7 1.4 15248.72 88.7% 92.6% 93.3% 15.18 0.0496 0.11
47 93.3 1.9 2.7 0.6 1.4 15429.08 88.6% 92.7% 93.3% 14.60 0.0476 0.10
48 93.3 1.9 2.7 0.6 1.4 15608.82 88.6% 92.6% 93.3% 14.12 0.0460 0.10
49 93.3 1.9 2.7 0.6 1.4 15788.62 88.6% 92.6% 93.3% 14.18 0.0462 0.10
50 93.2 1.9 2.7 0.7 1.4 15968.24 88.7% 92.8% 93.2% 14.08 0.0460 0.10
51 93.3 1.9 2.7 0.6 1.4 16147.80 88.6% 92.5% 93.3% 13.46 0.0438 0.10
52 93.3 1.9 2.7 0.7 1.4 16327.85 88.7% 92.7% 93.3% 13.47 0.0440 0.10
53 93.3 1.9 2.7 0.7 1.4 16507.46 88.6% 92.7% 93.2% 13.51 0.0440 0.10
54 93.3 1.9 2.7 0.6 1.4 16687.50 88.6% 92.7% 93.3% 12.91 0.0421 0.09
55 93.2 1.9 2.8 0.6 1.4 16867.45 88.2% 92.6% 93.1% 13.00 0.0421 0.09
56 93.3 1.9 2.8 0.7 1.3 17047.08 88.4% 92.6% 93.9% 13.02 0.0426 0.09
57 93.2 1.9 2.8 0.7 1.3 17227.33 88.3% 92.6% 93.5% 12.49 0.0407 0.09
58 92.9 2.1 3.0 0.7 1.4 17407.11 87.6% 91.9% 93.3% 12.34 0.0395 0.09
59 93.2 1.9 2.8 0.7 1.4 17586.82 88.3% 92.8% 93.5% 12.35 0.0403 0.09
60 92.9 2.1 3.0 0.7 1.4 17766.69 87.5% 92.0% 93.3% 12.47 0.0399 0.09
61 93.0 1.9 2.9 0.9 1.4 17946.37 88.0% 92.7% 93.4% 12.40 0.0402 0.09
62 93.1 1.9 2.9 0.7 1.4 18126.46 87.9% 92.7% 93.3% 12.39 0.0401 0.09
63 92.7 2.0 3.0 0.9 1.4 18306.31 87.6% 92.2% 93.2% 12.42 0.0398 0.09
64 93.0 1.9 2.8 0.8 1.4 18486.34 88.1% 92.8% 93.3% 11.91 0.0387 0.08
65 93.2 1.9 2.8 0.7 1.4 18665.84 88.2% 92.7% 93.3% 11.44 0.0372 0.08
66 93.0 1.9 2.9 0.8 1.4 18845.73 88.0% 92.8% 93.1% 11.38 0.0369 0.08
67 93.1 1.9 2.9 0.7 1.4 19025.68 87.9% 92.8% 93.1% 11.33 0.0366 0.08
68 93.1 1.9 2.8 0.8 1.4 19205.13 88.2% 92.8% 93.2% 10.85 0.0353 0.08
69 93.3 1.9 2.8 0.6 1.4 19385.23 88.4% 92.7% 93.4% 10.28 0.0335 0.07
70 93.2 1.9 2.8 0.7 1.4 19565.04 88.2% 92.8% 93.1% 10.31 0.0335 0.07
71 92.9 2.0 3.0 0.7 1.4 19745.11 87.6% 92.4% 92.9% 10.84 0.0347 0.08
72 93.0 1.9 2.9 0.7 1.4 19924.70 88.0% 92.5% 93.2% 9.71 0.0314 0.07
73 93.0 1.9 2.9 0.8 1.4 20104.85 87.9% 92.6% 93.0% 9.78 0.0316 0.07
74 92.9 1.9 2.9 0.7 1.5 20284.46 87.8% 92.5% 93.0% 9.71 0.0312 0.07
75 92.8 2.0 3.0 0.8 1.5 20464.49 87.6% 92.5% 92.8% 9.79 0.0314 0.07
76 93.1 1.9 2.9 0.7 1.4 20644.00 88.0% 92.7% 93.0% 9.28 0.0300 0.07
77 92.9 1.9 2.9 0.7 1.5 20824.05 87.8% 92.6% 92.9% 9.27 0.0298 0.07
78 93.0 1.9 2.9 0.7 1.5 21003.76 87.8% 92.5% 92.9% 9.28 0.0299 0.07
79 92.8 1.9 2.9 0.8 1.5 21183.79 87.7% 92.7% 92.8% 9.31 0.0299 0.07
80 92.7 2.0 3.0 0.8 1.5 21364.04 87.5% 92.5% 92.7% 8.95 0.0286 0.06
81 92.9 1.9 3.0 0.8 1.5 21543.65 87.7% 92.5% 92.8% 9.17 0.0294 0.06
82 92.9 1.9 2.9 0.9 1.5 21724.51 87.9% 92.8% 92.8% 8.73 0.0282 0.06
83 92.9 1.9 3.0 0.6 1.5 21905.07 87.3% 92.6% 92.6% 8.66 0.0276 0.06
84 92.8 1.9 2.9 0.9 1.5 22084.19 87.8% 92.7% 92.9% 8.65 0.0278 0.06
85 92.8 1.8 2.9 1.0 1.5 22263.75 87.9% 92.9% 92.8% 8.69 0.0281 0.06
86 92.8 1.9 2.9 1.0 1.4 22443.48 88.0% 92.7% 93.0% 7.97 0.0258 0.06
87 92.6 1.9 3.1 1.0 1.4 22624.55 87.2% 92.7% 92.9% 8.67 0.0277 0.06
88 92.6 2.0 3.1 0.8 1.5 22804.09 86.9% 92.2% 92.7% 8.01 0.0254 0.06
89 92.6 2.0 3.0 0.9 1.4 22984.05 87.3% 92.3% 92.9% 7.75 0.0247 0.05
90 92.6 2.0 3.1 0.8 1.5 23164.07 87.0% 92.2% 92.8% 7.77 0.0246 0.05
91 92.6 2.0 3.1 0.9 1.4 23343.79 87.2% 92.3% 92.9% 7.80 0.0249 0.05
92 92.6 2.0 3.1 0.8 1.5 23523.57 87.1% 92.3% 92.9% 7.71 0.0245 0.05
93 92.7 2.0 3.0 0.8 1.5 23703.63 87.3% 92.4% 92.9% 7.18 0.0229 0.05
94 92.6 2.0 3.0 0.9 1.5 23883.09 87.3% 92.4% 92.9% 7.67 0.0245 0.05
95 92.7 2.0 3.1 0.8 1.5 24063.51 87.2% 92.4% 92.8% 7.15 0.0228 0.05
96 92.6 1.9 3.1 0.9 1.5 24243.65 87.1% 92.5% 92.7% 7.14 0.0227 0.05
97 92.8 2.0 3.0 0.8 1.4 24423.00 87.5% 92.4% 92.9% 6.60 0.0211 0.05
98 92.7 1.9 3.0 0.8 1.5 24603.24 87.3% 92.5% 92.8% 6.71 0.0214 0.05
99 92.8 1.9 2.9 0.9 1.4 24782.42 87.8% 92.7% 93.0% 6.70 0.0216 0.05
100 92.7 1.9 2.9 1.0 1.4 24962.67 87.7% 92.7% 93.0% 6.72 0.0217 0.05
101 92.7 1.9 2.9 1.1 1.4 25141.97 87.9% 92.6% 93.1% 6.63 0.0214 0.05
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst ECM255061C300 Wt. CO2  extrudate, g 32.16 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb *CaO/Al203 (90/10) Density CO2, g/cc 1.0 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. PCB954103A­1 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 36.66
Calcined, C 300 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 93.5 3.1 1.3 1.2 0.9 88.01 94.7% 88.4% 96.3% 5.98 0.0383 0.06
2 92.6 4.0 1.2 1.3 0.8 267.38 94.7% 85.6% 96.3% 4.28 0.0265 0.04
3 92.8 3.8 1.2 1.3 0.8 449.37 94.8% 86.2% 96.4% 7.63 0.0477 0.07
4 93.0 4.0 1.2 1.0 0.8 634.01 95.0% 85.8% 96.5% 11.36 0.0710 0.11
5 93.1 4.0 1.2 0.9 0.8 818.98 95.0% 85.8% 96.5% 16.82 0.1050 0.16
6 93.0 4.0 1.3 1.0 0.8 1003.22 94.6% 85.7% 96.4% 21.14 0.1312 0.19
7 93.5 3.5 1.4 0.8 0.8 1187.59 94.0% 87.3% 96.3% 25.55 0.1604 0.24
8 93.6 3.1 1.5 0.8 0.9 1368.00 93.5% 88.5% 96.1% 25.96 0.1642 0.24
9 93.8 2.9 1.6 0.7 0.9 1548.03 93.2% 89.1% 96.0% 25.93 0.1643 0.24
10 94.0 2.8 1.6 0.7 0.9 1727.85 93.1% 89.7% 96.0% 25.24 0.1607 0.24
11 94.2 2.6 1.6 0.7 0.9 1906.73 93.3% 90.1% 96.1% 24.99 0.1604 0.24
12 94.2 2.6 1.6 0.6 0.9 2086.71 93.3% 90.1% 96.1% 23.69 0.1522 0.23
13 94.0 2.8 1.6 0.7 0.9 2266.53 93.1% 89.6% 96.0% 23.41 0.1491 0.22
14 94.1 2.6 1.6 0.7 0.9 2445.57 93.1% 90.1% 95.9% 23.17 0.1483 0.22
15 94.2 2.6 1.6 0.7 0.9 2625.95 93.2% 90.3% 96.0% 23.21 0.1491 0.22
16 94.1 2.6 1.6 0.7 0.9 2805.25 93.3% 90.2% 96.0% 23.19 0.1488 0.22
17 94.0 2.6 1.6 0.8 0.9 2985.47 93.1% 90.2% 95.9% 23.08 0.1477 0.22
18 94.2 2.6 1.6 0.7 0.9 3164.69 93.3% 90.3% 95.9% 22.07 0.1417 0.21
19 94.2 2.6 1.6 0.6 0.9 3345.16 93.1% 90.3% 95.9% 22.14 0.1420 0.21
20 94.1 2.6 1.6 0.7 0.9 3524.34 93.2% 90.2% 95.9% 22.04 0.1412 0.21
21 94.0 2.6 1.7 0.8 0.9 3704.03 93.1% 90.3% 95.8% 21.79 0.1395 0.21
22 94.2 2.6 1.6 0.8 0.9 3880.92 93.5% 90.4% 96.1% 19.15 0.1235 0.18
23 94.2 2.6 1.7 0.7 0.9 4063.42 92.9% 90.4% 96.0% 19.66 0.1259 0.19
24 94.1 2.5 1.7 0.8 0.9 4241.97 93.1% 90.5% 96.0% 19.67 0.1264 0.19
25 94.1 2.6 1.7 0.7 0.9 4422.04 93.0% 90.4% 95.9% 18.72 0.1200 0.18
26 94.0 2.6 1.7 0.7 0.9 4600.89 92.8% 90.2% 96.0% 17.98 0.1149 0.17
27 93.9 2.6 1.7 0.9 0.9 4780.60 92.9% 90.1% 95.9% 18.03 0.1151 0.17
28 94.0 2.6 1.7 0.8 0.9 4959.58 93.0% 90.3% 95.9% 17.32 0.1110 0.16
29
30
31
32
33
34
35
36
37
38
39
40
41 94.6 2.3 1.7 0.7 0.8 7427.70 93.1% 91.4% 96.5% 22.79 0.1489 0.22
42 94.4 2.3 1.7 0.8 0.8 7605.58 92.8% 91.2% 96.3% 20.44 0.1325 0.20
43 94.4 2.3 1.7 0.7 0.8 7784.24 93.0% 91.2% 96.3% 19.27 0.1252 0.19
44 94.4 2.3 1.7 0.7 0.8 7963.69 93.1% 91.1% 96.2% 18.13 0.1176 0.17
45 94.4 2.4 1.6 0.7 0.8 8143.28 93.2% 91.0% 96.2% 17.07 0.1106 0.16
46 94.4 2.4 1.6 0.7 0.9 8322.70 93.1% 90.9% 96.1% 16.95 0.1097 0.16
47 94.2 2.5 1.7 0.8 0.9 8502.48 93.1% 90.7% 96.1% 16.64 0.1075 0.16
48 94.5 2.4 1.6 0.7 0.8 8681.62 93.5% 90.9% 96.3% 15.53 0.1010 0.15
49 94.5 2.4 1.6 0.7 0.8 8861.38 93.5% 91.0% 96.2% 14.94 0.0972 0.14
50 94.5 2.4 1.6 0.7 0.9 9040.95 93.5% 90.9% 96.2% 15.05 0.0977 0.14
51 94.3 2.4 1.6 0.9 0.9 9220.62 93.4% 90.9% 96.1% 15.14 0.0983 0.15
52 94.4 2.4 1.6 0.7 0.9 9400.67 93.2% 90.8% 96.1% 14.61 0.0944 0.14
53 94.3 2.4 1.6 0.7 0.9 9580.60 93.3% 90.8% 96.0% 14.40 0.0931 0.14
54 94.4 2.4 1.6 0.7 0.9 9760.06 93.3% 90.9% 96.1% 14.04 0.0910 0.13
55 94.3 2.5 1.6 0.7 0.9 9940.04 93.2% 90.7% 96.0% 13.73 0.0886 0.13
56 94.3 2.4 1.6 0.8 0.9 10119.21 93.3% 90.9% 96.0% 13.93 0.0902 0.13
57 94.3 2.4 1.6 0.8 0.9 10298.99 93.4% 90.9% 96.1% 13.38 0.0868 0.13
58 94.4 2.4 1.6 0.7 0.9 10479.05 93.3% 91.0% 96.0% 13.06 0.0845 0.13
59 94.0 2.4 1.6 0.9 0.9 10658.83 93.1% 90.8% 95.8% 13.50 0.0870 0.13
60 95.2 1.6 1.6 0.6 1.0 10838.39 93.5% 93.9% 95.3% 12.16 0.0809 0.12
61 93.7 2.6 1.8 1.0 0.9 11018.20 92.4% 90.3% 95.7% 12.97 0.0824 0.12
62 93.8 2.7 1.8 0.8 0.9 11198.37 92.3% 90.0% 95.8% 11.61 0.0735 0.11
63 93.4 2.9 2.0 0.8 0.9 11378.09 91.6% 89.3% 95.7% 11.95 0.0743 0.11
64 93.4 2.8 2.0 0.8 0.9 11557.71 91.7% 89.5% 95.7% 11.31 0.0707 0.10
65 93.6 2.7 1.9 0.8 0.9 11737.37 91.9% 89.7% 95.7% 11.43 0.0717 0.11
66 94.0 2.5 1.7 0.8 0.9 11917.75 92.8% 90.6% 95.7% 11.58 0.0741 0.11
67 94.2 2.4 1.7 0.8 0.9 12096.91 93.1% 90.7% 95.8% 11.25 0.0724 0.11
68 94.3 2.4 1.6 0.8 0.9 12276.89 93.2% 90.9% 95.9% 10.71 0.0692 0.10
69 94.1 2.5 1.7 0.7 0.9 12456.68 92.9% 90.5% 95.8% 10.75 0.0689 0.10
70 94.2 2.4 1.7 0.8 0.9 12636.65 93.0% 90.8% 95.8% 10.40 0.0668 0.10
71 94.0 2.5 1.7 0.8 0.9 12816.50 92.8% 90.5% 95.7% 10.78 0.0689 0.10
72 94.1 2.5 1.7 0.8 0.9 12996.12 93.0% 90.6% 95.8% 10.18 0.0653 0.10
73 93.8 2.6 1.8 1.0 0.7 13177.06 92.3% 90.4% 96.6% 11.24 0.0720 0.11
74 94.1 2.6 1.8 0.8 0.8 13356.57 92.6% 90.4% 96.5% 10.18 0.0654 0.10
75 94.0 2.5 1.7 1.0 0.8 13536.34 92.7% 90.5% 96.5% 10.19 0.0656 0.10
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst ECM255061C500 Wt. CO2  extrudate, g 31.85 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb *CaO/Al203 (90/10) Density CO2, g/cc 1.0 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. PCB954103A­1 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 36.35
Calcined, C 500 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 93.0 3.5 1.6 1.3 0.6 374.04 93.1% 87.3% 97.4% 2.68 0.0170 0.02
2 92.6 3.9 1.5 1.2 0.7 555.00 93.6% 86.0% 97.0% 4.82 0.0302 0.04
3 93.1 4.1 1.5 0.6 0.8 742.75 93.8% 85.6% 96.5% 12.40 0.0770 0.11
4 93.1 3.9 1.6 0.5 0.9 939.87 93.1% 86.0% 96.2% 29.79 0.1839 0.26
5 93.9 2.8 1.9 0.4 0.9 1119.96 91.9% 89.6% 96.0% 29.74 0.1885 0.27
6 94.1 2.4 2.1 0.3 0.9 1300.22 91.1% 90.8% 95.7% 29.81 0.1895 0.27
7 94.1 2.4 2.2 0.3 1.0 1480.25 90.7% 91.1% 95.5% 29.26 0.1854 0.26
8 94.4 2.3 2.1 0.3 0.9 1657.57 91.4% 91.4% 95.7% 26.98 0.1731 0.24
9 94.4 2.2 2.0 0.3 1.0 1836.88 91.5% 91.6% 95.6% 26.18 0.1684 0.24
10 94.3 2.3 2.1 0.3 1.0 2016.83 91.2% 91.3% 95.5% 26.16 0.1670 0.23
11 94.2 2.3 2.1 0.4 1.0 2195.90 91.4% 91.4% 95.5% 25.54 0.1637 0.23
12 94.2 2.3 2.1 0.4 1.0 2375.69 91.3% 91.3% 95.4% 25.41 0.1621 0.23
13 94.3 2.3 2.0 0.5 1.0 2554.48 91.8% 91.4% 95.5% 24.41 0.1571 0.22
14 94.5 2.2 1.9 0.4 1.0 2734.24 92.0% 91.7% 95.4% 24.43 0.1580 0.22
15 94.5 2.2 1.9 0.4 1.0 2914.47 91.9% 91.7% 95.3% 23.92 0.1543 0.22
16 94.4 2.2 2.0 0.4 1.0 3093.71 91.8% 91.6% 95.3% 23.45 0.1509 0.21
17 94.4 2.2 1.9 0.4 1.0 3273.06 92.1% 91.7% 95.3% 22.77 0.1471 0.21
18 94.6 2.2 1.8 0.4 1.0 3452.43 92.4% 91.8% 95.4% 22.21 0.1442 0.20
19 94.5 2.1 1.9 0.4 1.0 3632.49 92.2% 91.8% 95.2% 22.22 0.1438 0.20
20 94.6 2.1 1.8 0.4 1.0 3812.26 92.3% 91.9% 95.2% 21.15 0.1372 0.19
21 94.4 2.2 1.9 0.5 1.1 3991.22 92.3% 91.8% 95.1% 21.22 0.1372 0.19
22 94.6 2.1 1.8 0.4 1.1 4170.97 92.4% 91.9% 95.1% 20.21 0.1311 0.18
23 93.1 3.4 1.9 0.5 1.2 4351.93 92.1% 87.7% 94.5% 21.23 0.1300 0.18
24 93.3 3.0 2.0 0.5 1.2 4532.28 91.5% 89.0% 94.5% 21.07 0.1300 0.18
25 93.5 2.8 2.0 0.4 1.2 4711.45 91.5% 89.6% 94.3% 20.47 0.1269 0.18
26 93.8 2.6 2.0 0.4 1.2 4890.01 91.6% 90.3% 94.4% 18.25 0.1145 0.16
27 93.5 2.9 2.0 0.4 1.2 5068.90 91.6% 89.2% 94.5% 17.47 0.1082 0.15
28 93.4 3.0 1.9 0.6 1.1 5247.21 92.1% 89.0% 95.1% 17.13 0.1072 0.15
29 92.8 3.5 2.0 0.5 1.1 5427.95 91.5% 87.4% 95.1% 16.26 0.0992 0.14
30 93.3 2.9 2.1 0.5 1.3 5607.98 91.3% 89.3% 94.1% 17.04 0.1050 0.15
31 94.3 2.1 1.9 0.5 1.1 5785.78 92.1% 91.9% 94.9% 15.23 0.0982 0.14
32 94.3 2.2 2.0 0.5 1.0 5966.06 91.8% 91.6% 95.5% 15.66 0.1010 0.14
33 94.2 2.3 2.0 0.5 1.0 6146.22 91.5% 91.4% 95.1% 15.25 0.0975 0.14
34 94.2 2.3 2.1 0.4 1.1 6325.95 91.4% 91.4% 95.1% 15.14 0.0966 0.14
35 94.2 2.2 1.9 0.6 1.0 6504.80 91.9% 91.5% 95.3% 14.61 0.0941 0.13
36 94.0 2.3 2.0 0.6 1.0 6684.55 91.7% 91.2% 95.2% 14.56 0.0931 0.13
37 94.1 2.3 2.0 0.6 1.1 6864.63 91.7% 91.4% 95.1% 14.12 0.0904 0.13
38 94.0 2.3 2.0 0.5 1.1 7044.70 91.5% 91.2% 95.0% 13.54 0.0862 0.12
39 94.3 2.3 1.9 0.5 1.0 7223.35 92.1% 91.3% 95.3% 12.38 0.0796 0.11
40 94.1 2.2 2.0 0.5 1.1 7404.22 91.6% 91.6% 94.8% 13.12 0.0838 0.12
41 94.2 2.2 1.9 0.5 1.1 7583.24 91.9% 91.5% 95.1% 12.49 0.0802 0.11
42 93.8 2.4 2.1 0.5 1.2 7763.78 91.1% 91.0% 94.6% 12.52 0.0788 0.11
43 94.2 2.3 2.0 0.5 1.1 7942.80 91.8% 91.4% 95.0% 12.00 0.0767 0.11
44 94.2 2.2 1.9 0.5 1.1 8122.61 91.9% 91.7% 95.0% 11.69 0.0751 0.11
45 94.1 2.3 2.0 0.5 1.1 8302.19 91.7% 91.3% 94.8% 11.67 0.0744 0.10
46 93.8 2.3 2.1 0.6 1.2 8482.14 91.3% 91.2% 94.6% 11.52 0.0728 0.10
47 93.8 2.3 2.0 0.7 1.2 8662.14 91.5% 91.4% 94.6% 11.45 0.0727 0.10
48 93.7 2.3 2.1 0.7 1.2 8841.80 91.4% 91.1% 94.5% 11.40 0.0720 0.10
49 94.1 2.3 2.0 0.6 1.1 9021.49 91.9% 91.4% 94.8% 10.31 0.0659 0.09
50 93.9 2.3 2.0 0.5 1.1 9201.22 91.6% 91.1% 94.7% 10.22 0.0648 0.09
51 93.7 2.3 2.1 0.7 1.2 9381.43 91.3% 91.2% 94.3% 10.86 0.0685 0.10
52 93.9 2.2 1.9 0.7 1.2 9560.46 91.9% 91.5% 94.7% 10.29 0.0657 0.09
53 94.0 2.2 1.9 0.6 1.2 9740.54 91.9% 91.5% 94.7% 9.79 0.0626 0.09
54 93.8 2.3 2.1 0.6 1.2 9921.12 91.3% 91.1% 94.3% 9.79 0.0617 0.09
55 93.8 2.3 2.0 0.7 1.2 10100.20 91.8% 91.3% 94.6% 9.82 0.0625 0.09
56 93.6 2.5 2.2 0.7 1.1 10280.73 90.9% 90.6% 95.0% 9.76 0.0613 0.09
57 93.8 2.4 2.1 0.5 1.1 10460.25 91.1% 90.8% 95.0% 9.22 0.0582 0.08
Cycles 23­30: Preheater Failure
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    DE­FC36­03GO13102
Chevron Technology Ventures, LLC
Average Reaction Efficiencies ECM255061C500 & Engelhard Escat 326
Average Reformate Composition  ECM255061C500 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent ECM255061C500 & Engelhard Escat 326
Average Reaction Efficiencies
ECM255061C500 & Engelhard Escat 326
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    DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2  Sorption Catalyst ECM255061C750 Wt. CO2  extrudate, g 27.96 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb *CaO/Al203 (90/10) Density CO2, g/cc 0.9 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. PCB954103A­1 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 32.46
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 94.9 3.0 1.0 0.4 0.7 264.43 95.7% 89.1% 97.2% 29.70 0.0038 0.27
2 92.3 5.2 1.0 0.7 0.7 431.64 95.6% 81.8% 96.9% 16.97 0.0035 0.14
3
4
5
6 92.1 5.5 1.2 0.3 0.8 1149.23 94.7% 80.9% 96.6% 14.11 0.0034 0.11
7 92.0 5.4 1.3 0.5 0.8 1328.54 94.5% 81.4% 96.5% 14.24 0.0034 0.11
8 91.9 5.5 1.3 0.4 0.8 1509.92 94.3% 81.0% 96.3% 14.33 0.0034 0.11
9 91.9 5.3 1.4 0.5 0.9 1689.03 94.0% 81.5% 96.2% 14.45 0.0034 0.12
10 91.8 5.3 1.4 0.5 0.9 1870.07 93.8% 81.5% 96.2% 15.26 0.0034 0.12
11 91.8 5.3 1.5 0.6 0.9 2050.19 93.7% 81.7% 96.1% 15.65 0.0034 0.12
12 91.8 5.2 1.5 0.5 0.9 2230.39 93.6% 81.8% 96.0% 15.01 0.0034 0.12
13 91.7 5.2 1.5 0.7 0.9 2409.47 93.5% 81.9% 96.0% 14.44 0.0034 0.11
14 91.9 5.0 1.5 0.6 0.9 2590.05 93.5% 82.4% 95.9% 14.99 0.0034 0.12
15 91.9 5.0 1.5 0.6 0.9 2770.65 93.4% 82.4% 95.9% 15.78 0.0034 0.13
16 91.9 5.0 1.6 0.6 0.9 2950.69 93.2% 82.4% 95.8% 15.77 0.0034 0.13
17 91.9 4.9 1.6 0.7 0.9 3130.53 93.2% 82.8% 95.8% 15.73 0.0034 0.13
18 92.0 4.8 1.6 0.6 1.0 3310.46 93.1% 83.0% 95.7% 15.63 0.0034 0.13
19 92.0 4.7 1.6 0.7 1.0 3490.38 93.1% 83.2% 95.7% 15.69 0.0034 0.13
20 92.2 4.7 1.6 0.6 1.0 3669.70 93.1% 83.5% 95.7% 15.05 0.0034 0.12
21 92.1 4.6 1.7 0.7 1.0 3850.32 92.9% 83.5% 95.7% 15.71 0.0034 0.13
22 92.4 4.2 1.7 0.6 1.0 4032.18 92.8% 84.7% 95.4% 17.61 0.0034 0.14
23 94.4 2.3 1.6 0.4 1.3 4214.07 93.4% 91.3% 94.0% 19.58 0.0037 0.17
24 95.6 1.1 1.3 0.5 1.5 4393.16 94.7% 95.8% 93.1% 19.64 0.0039 0.18
25 94.0 5.0 0.1 0.7 0.2 4570.82 99.6% 82.6% 99.4% 14.54 0.0037 0.13
26 91.1 7.5 0.3 0.8 0.3 4925.17 98.5% 75.4% 98.7% 8.82 0.0033 0.07
27 91.1 7.3 0.5 0.7 0.3 5106.02 97.8% 75.8% 98.9% 9.06 0.0033 0.07
28 91.0 7.3 0.6 0.8 0.3 5283.64 97.4% 75.8% 98.8% 7.72 0.0033 0.06
29 90.7 7.4 0.7 0.9 0.3 5462.50 97.1% 75.5% 98.9% 6.43 0.0033 0.05
30 90.8 7.4 0.7 0.8 0.2 5642.57 96.8% 75.5% 99.0% 6.41 0.0033 0.05
31 90.8 7.3 0.8 0.9 0.2 5822.71 96.6% 75.8% 99.1% 6.27 0.0033 0.05
32 90.7 7.2 0.8 1.0 0.2 6001.34 96.4% 76.0% 99.0% 5.09 0.0033 0.04
33 90.6 7.3 0.8 1.0 0.2 6181.66 96.4% 75.9% 99.1% 5.65 0.0033 0.04
34 90.6 7.4 0.9 0.9 0.2 6362.06 96.3% 75.7% 99.2% 6.27 0.0033 0.05
35 90.7 7.2 0.9 1.0 0.2 6541.81 96.3% 76.0% 99.2% 6.29 0.0033 0.05
36 91.4 6.5 1.1 0.8 0.2 6726.08 95.3% 78.0% 99.2% 9.50 0.0034 0.08
37 94.2 3.5 1.3 0.7 0.3 6907.08 94.7% 87.4% 98.7% 13.27 0.0037 0.12
38 94.3 3.5 1.3 0.6 0.3 7088.05 94.6% 87.3% 98.8% 13.31 0.0037 0.12
39 95.3 2.5 1.2 0.5 0.5 7267.29 95.1% 90.7% 97.6% 12.74 0.0038 0.12
40 92.6 0.5 0.4 1.1 5.4 7438.15 98.2% 97.8% 76.4% 5.44 0.0033 0.04
41 96.5 0.2 0.2 0.4 2.7 7544.44 99.1% 99.1% 88.8% 0.00 0.0040 0.00
42 93.4 5.5 0.2 0.8 0.1 7806.10 99.1% 81.1% 99.7% 11.48 0.0037 0.10
43 92.0 6.5 0.3 1.0 0.1 7985.13 98.5% 78.1% 99.5% 10.70 0.0035 0.09
44 92.2 6.4 0.4 0.9 0.1 8164.91 98.2% 78.3% 99.6% 9.53 0.0035 0.08
45 91.9 6.4 0.5 1.1 0.1 8344.64 97.9% 78.4% 99.6% 9.49 0.0035 0.08
46 91.7 6.7 0.6 0.9 0.1 8525.06 97.4% 77.6% 99.6% 10.12 0.0034 0.08
47 91.7 6.7 0.7 0.8 0.2 8705.49 97.1% 77.6% 99.3% 9.52 0.0034 0.08
48 91.6 6.7 0.7 0.9 0.1 8884.80 97.0% 77.6% 99.4% 8.82 0.0034 0.07
49 91.4 6.7 0.7 1.0 0.1 9064.42 96.9% 77.6% 99.4% 8.85 0.0034 0.07
50 91.4 6.8 0.8 0.9 0.1 9244.19 96.7% 77.3% 99.5% 8.85 0.0034 0.07
51 91.5 6.8 0.8 0.8 0.1 9424.46 96.6% 77.4% 99.5% 8.17 0.0034 0.07
52 91.7 6.6 0.7 0.8 0.1 9602.93 96.9% 77.8% 99.5% 6.94 0.0034 0.06
53 91.4 6.7 0.8 1.0 0.1 9783.88 96.5% 77.5% 99.5% 8.22 0.0034 0.07
54 91.3 6.6 0.8 1.1 0.1 9963.73 96.5% 77.9% 99.6% 8.15 0.0034 0.07
55 91.4 6.6 0.8 1.0 0.1 10143.37 96.3% 77.7% 99.6% 8.19 0.0034 0.07
56 91.3 6.8 0.8 1.0 0.1 10323.20 96.6% 77.2% 99.6% 6.95 0.0034 0.06
57 91.6 6.5 0.9 0.8 0.1 10503.64 96.3% 78.0% 99.6% 7.59 0.0034 0.06
58 91.5 6.5 0.9 1.0 0.1 10683.92 96.0% 78.1% 99.6% 8.28 0.0034 0.07
59 91.6 6.5 0.9 1.0 0.1 10863.06 96.2% 78.1% 99.6% 7.59 0.0034 0.06
60 91.5 6.5 0.9 0.9 0.1 11043.88 96.0% 78.1% 99.6% 7.57 0.0034 0.06
61 91.4 6.5 0.9 1.1 0.1 11223.09 96.1% 78.1% 99.6% 8.23 0.0034 0.07
62 91.7 6.4 0.9 0.9 0.1 11403.28 96.1% 78.5% 99.6% 7.54 0.0034 0.06
63 91.7 6.4 0.9 0.9 0.1 11583.50 96.1% 78.5% 99.7% 6.94 0.0034 0.06
64 91.7 6.4 0.9 0.9 0.1 11763.04 96.1% 78.4% 99.7% 6.94 0.0034 0.06
65 91.6 6.3 0.9 1.1 0.1 11943.32 96.0% 78.6% 99.7% 7.62 0.0034 0.06
66 91.8 6.3 0.8 1.0 0.1 12122.34 96.3% 78.7% 99.7% 6.93 0.0035 0.06
67 91.8 6.3 0.9 0.9 0.1 12303.19 96.1% 78.6% 99.7% 6.90 0.0034 0.06
68 91.8 6.3 0.9 0.9 0.1 12482.93 96.1% 78.6% 99.7% 7.00 0.0034 0.06
69 92.6 5.1 1.1 1.0 0.2 12663.50 95.2% 82.2% 99.3% 8.21 0.0035 0.07
70 91.8 6.2 0.9 1.0 0.1 12842.11 96.3% 78.9% 99.7% 6.95 0.0035 0.06
71 91.8 6.2 0.9 0.9 0.1 13022.92 96.1% 78.9% 99.7% 7.02 0.0035 0.06
72 91.9 6.2 0.9 1.0 0.1 13202.83 96.2% 79.1% 99.6% 6.97 0.0035 0.06
73 91.7 6.3 1.0 0.9 0.1 13383.16 95.7% 78.8% 99.6% 7.57 0.0034 0.06
74 91.7 6.2 1.0 1.0 0.1 13563.19 95.9% 78.9% 99.6% 6.92 0.0034 0.06
75 91.9 6.2 0.9 0.9 0.1 13742.45 96.2% 79.0% 99.6% 6.38 0.0035 0.05
76 91.7 6.2 0.9 1.1 0.1 13922.64 96.0% 79.0% 99.6% 6.93 0.0035 0.06
77 91.7 6.2 0.9 1.1 0.1 14101.94 96.2% 79.0% 99.6% 6.97 0.0035 0.06
78 91.8 6.2 0.9 1.0 0.1 14282.66 96.0% 78.9% 99.6% 6.89 0.0035 0.06
79 91.7 6.1 0.9 1.2 0.1 14461.71 96.2% 79.1% 99.6% 6.93 0.0035 0.06
80 91.7 6.2 0.9 1.1 0.1 14642.38 96.0% 79.1% 99.7% 6.91 0.0035 0.06
81 91.9 6.1 0.9 0.9 0.1 14822.82 95.9% 79.1% 99.7% 6.40 0.0035 0.05
82 91.9 6.2 0.9 0.9 0.1 15002.53 96.0% 78.9% 99.7% 6.47 0.0034 0.05
83 91.6 6.3 0.9 1.1 0.1 15182.31 96.0% 78.6% 99.7% 6.43 0.0034 0.05
84 91.7 6.3 0.9 1.0 0.1 15362.16 96.0% 78.6% 99.7% 6.49 0.0034 0.05
Cycles 2 ­ 40: NI Temperature Control Erratic
Page 305 of 405
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Chevron Technology Ventures, LLC
Average Reaction Efficiencies ECM255061C750 & Engelhard Escat 326
Average Reformate Composition  ECM255061C750 & Engelhard Escat 326
gCO2 Sorbed per g Sorbent ECM255061C750 & Engelhard Escat 326
Average Reaction Efficiencies
ECM255061C750 & Engelhard Escat 326
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    DE­FC36­03GO13102
Chevron Technology Ventures, LLC
CO2 Sorption Catalyst ECM255061C800 Wt. CO2  extrudate, g 24.82 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/Al203 (90/10) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. PCB954103A­1 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 29.32
Calcined, C 800 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 94.0 3.2 1.3 0.8 0.7 956.67 94.7% 88.2% 96.8% 14.86 0.1239 0.13
2 92.0 4.7 1.3 1.6 0.4 1094.67 94.3% 83.3% 98.2% 3.11 0.0248 0.03
3 92.1 4.6 1.2 1.8 0.3 1274.40 95.0% 83.6% 98.6% 2.50 0.0202 0.02
4 92.6 4.5 1.2 1.2 0.4 1454.84 94.9% 84.0% 98.3% 3.14 0.0253 0.03
5 92.5 4.7 1.2 1.1 0.5 1636.36 94.9% 83.5% 97.9% 4.47 0.0357 0.04
6 92.6 4.4 1.1 1.3 0.5 1816.99 95.1% 84.3% 97.7% 5.10 0.0412 0.04
7 92.7 4.5 1.1 0.9 0.6 1998.28 95.1% 84.0% 97.4% 6.41 0.0514 0.05
8 92.7 4.5 1.1 1.0 0.6 2179.64 95.1% 84.0% 97.3% 7.68 0.0614 0.06
9 92.9 4.5 1.2 0.7 0.7 2361.19 94.9% 84.1% 97.0% 9.00 0.0717 0.08
10 92.8 4.5 1.2 0.8 0.7 2541.28 94.9% 84.1% 96.9% 8.76 0.0698 0.07
11 93.0 4.4 1.2 0.8 0.7 2723.49 94.9% 84.6% 96.9% 12.00 0.0960 0.10
12 93.2 4.3 1.2 0.7 0.6 2906.33 95.1% 84.6% 97.2% 14.42 0.1162 0.12
13 93.1 4.3 1.2 0.7 0.7 3088.60 95.0% 84.7% 97.0% 16.32 0.1310 0.14
14 93.2 4.2 1.2 0.7 0.7 3270.52 94.9% 85.0% 96.9% 18.97 0.1527 0.16
15 93.3 4.2 1.2 0.6 0.7 3454.16 94.8% 85.1% 96.9% 22.06 0.1776 0.19
16 93.3 4.0 1.3 0.6 0.7 3635.35 94.6% 85.6% 96.7% 23.99 0.1935 0.20
17 93.5 3.9 1.3 0.5 0.8 3817.34 94.4% 86.1% 96.7% 25.22 0.2040 0.21
18 93.6 3.6 1.4 0.5 0.8 3997.53 94.0% 86.9% 96.5% 25.96 0.2107 0.22
19 93.8 3.5 1.4 0.5 0.8 4178.23 94.0% 87.2% 96.5% 25.81 0.2103 0.22
20
21
22
23
24 94.7 3.2 1.2 0.4 0.5 5077.91 95.1% 88.2% 97.8% 25.22 0.2133 0.22
25 94.7 3.2 1.2 0.5 0.4 5256.83 95.1% 88.3% 98.1% 24.69 0.2096 0.22
26 94.5 3.5 1.1 0.5 0.4 5436.88 95.5% 87.4% 98.3% 22.86 0.1932 0.20
27 94.6 3.2 1.3 0.5 0.4 5616.90 94.6% 88.2% 98.3% 24.69 0.2087 0.22
28 94.8 3.1 1.2 0.5 0.4 5796.34 94.8% 88.5% 98.2% 23.38 0.1987 0.21
29 94.7 3.2 1.2 0.5 0.4 5975.72 95.1% 88.4% 98.2% 23.38 0.1989 0.21
30 94.7 3.2 1.2 0.5 0.4 6155.43 95.0% 88.3% 98.3% 23.44 0.1994 0.21
31 94.8 3.2 1.1 0.5 0.4 6334.71 95.3% 88.4% 98.3% 22.13 0.1886 0.20
32 94.7 3.1 1.1 0.6 0.4 6513.95 95.3% 88.6% 98.3% 22.16 0.1894 0.20
33 94.8 3.2 1.1 0.5 0.4 6693.93 95.3% 88.4% 98.2% 21.51 0.1834 0.19
34 94.8 3.1 1.1 0.6 0.4 6873.24 95.4% 88.7% 98.2% 21.48 0.1840 0.19
35 94.9 3.1 1.1 0.5 0.4 7053.02 95.4% 88.7% 98.2% 20.87 0.1788 0.19
36 94.8 3.1 1.1 0.5 0.4 7233.46 95.2% 88.6% 98.1% 20.85 0.1778 0.19
37 94.8 3.1 1.1 0.5 0.4 7413.46 95.3% 88.5% 98.1% 20.86 0.1778 0.19
38 94.9 3.0 1.1 0.6 0.4 7592.24 95.5% 89.0% 98.1% 20.27 0.1743 0.18
39 94.9 3.0 1.0 0.6 0.4 7772.20 95.7% 88.9% 98.1% 19.57 0.1681 0.18
40 94.8 3.1 1.0 0.6 0.4 7951.43 95.6% 88.7% 98.1% 19.66 0.1685 0.18
41 94.7 3.1 1.1 0.6 0.5 8131.79 95.6% 88.7% 97.9% 19.57 0.1674 0.18
42 94.9 3.1 1.0 0.5 0.5 8311.49 95.7% 88.6% 98.0% 18.95 0.1621 0.17
43
44
45 94.9 3.4 0.9 0.3 0.5 9030.14 96.3% 87.5% 97.8% 17.42 0.1480 0.16
46 94.9 3.4 0.9 0.2 0.5 9210.71 96.2% 87.5% 97.6% 16.42 0.1389 0.15
47 94.9 3.5 0.9 0.2 0.6 9390.30 96.3% 87.2% 97.6% 16.36 0.1381 0.15
48 94.9 3.4 0.9 0.2 0.6 9569.92 96.4% 87.5% 97.5% 16.42 0.1391 0.15
49 94.8 3.5 1.0 0.2 0.4 9750.13 96.0% 87.3% 98.0% 17.35 0.1469 0.15
50 94.6 3.5 0.9 0.5 0.5 9929.71 96.0% 87.4% 98.0% 16.87 0.1429 0.15
51 94.5 3.4 1.0 0.6 0.5 10108.77 96.0% 87.6% 98.0% 16.38 0.1390 0.15
52 94.3 3.9 0.9 0.4 0.4 10289.43 96.1% 86.2% 98.1% 15.31 0.1282 0.13
53 94.7 3.3 1.0 0.5 0.5 10468.61 96.0% 87.8% 97.8% 16.10 0.1367 0.14
54 94.9 3.3 0.9 0.4 0.5 10648.59 96.1% 88.1% 97.8% 14.74 0.1258 0.13
55 94.9 3.2 0.9 0.5 0.5 10828.36 96.2% 88.3% 97.8% 14.75 0.1262 0.13
56 94.9 3.2 0.9 0.4 0.5 11008.24 96.1% 88.3% 97.7% 14.73 0.1259 0.13
57 94.9 3.2 0.9 0.5 0.5 11187.78 96.4% 88.3% 97.7% 14.17 0.1213 0.13
58 94.9 3.2 0.9 0.4 0.6 11367.72 96.1% 88.3% 97.6% 14.09 0.1202 0.13
59 94.7 3.3 0.9 0.6 0.5 11547.24 96.3% 88.1% 97.7% 13.92 0.1187 0.12
60 94.7 3.3 0.9 0.5 0.6 11727.21 96.2% 87.9% 97.5% 13.92 0.1183 0.12
61 94.6 3.3 0.9 0.5 0.6 11907.20 96.2% 87.8% 97.4% 13.86 0.1175 0.12
62 94.8 3.3 0.9 0.5 0.6 12086.69 96.3% 87.9% 97.5% 13.29 0.1129 0.12
63 94.7 3.3 0.9 0.5 0.6 12266.83 96.3% 87.8% 97.3% 13.23 0.1122 0.12
64 94.8 3.3 0.9 0.4 0.6 12446.29 96.4% 87.9% 97.4% 12.62 0.1073 0.11
65 94.6 3.3 0.9 0.6 0.6 12626.64 96.3% 87.9% 97.3% 13.19 0.1119 0.12
66 94.5 3.4 0.9 0.5 0.6 12806.52 96.2% 87.6% 97.2% 13.24 0.1117 0.12
67 94.6 3.4 0.9 0.5 0.5 12986.59 96.2% 87.5% 98.1% 13.24 0.1124 0.12
68 94.6 3.5 0.9 0.5 0.5 13166.51 96.2% 87.4% 97.9% 13.19 0.1118 0.12
69 94.7 3.3 0.8 0.7 0.4 13345.56 96.6% 87.9% 98.2% 12.49 0.1071 0.11
70 94.5 3.5 0.9 0.5 0.5 13526.56 96.1% 87.3% 97.8% 12.70 0.1073 0.11
71 94.5 3.5 0.9 0.5 0.5 13706.31 96.1% 87.3% 97.8% 12.60 0.1065 0.11
72 94.5 3.4 0.9 0.6 0.5 13886.10 96.2% 87.6% 97.8% 12.58 0.1067 0.11
73 94.6 3.4 0.9 0.6 0.5 14065.77 96.2% 87.7% 97.9% 12.55 0.1067 0.11
74 94.7 3.4 0.9 0.5 0.5 14246.18 96.2% 87.6% 97.8% 11.93 0.1013 0.11
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst ECM259002­2C Wt. CO2  extrudate, g 27.73 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/Al203 (90/10) Density CO2, g/cc 0.9 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. PCB290040C Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere N2 Total Bed Wt., g 32.23
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1
2
3 92.1 5.7 0.7 0.8 0.7 1013.23 97.1% 80.3% 96.9% 5.35 0.0372 0.05
4 92.6 5.3 0.7 0.6 0.7 1198.92 97.1% 81.6% 97.0% 10.71 0.0758 0.10
5 93.1 5.0 0.7 0.5 0.7 1384.62 97.0% 82.7% 97.1% 17.22 0.1235 0.16
6 93.4 4.8 0.7 0.5 0.7 1571.12 96.9% 83.4% 97.1% 23.22 0.1679 0.22
7 93.7 4.2 0.9 0.5 0.7 1753.79 96.3% 85.1% 97.0% 26.60 0.1948 0.25
8 94.0 3.8 1.0 0.4 0.7 1935.57 95.8% 86.2% 96.8% 27.83 0.2051 0.27
9 94.2 3.5 1.1 0.5 0.8 2114.88 95.4% 87.4% 96.7% 28.24 0.2100 0.27
10 94.2 3.3 1.3 0.4 0.8 2296.75 94.6% 87.9% 96.6% 29.30 0.2170 0.28
11 94.5 3.1 1.3 0.4 0.8 2475.46 94.7% 88.6% 96.6% 28.35 0.2119 0.28
12 94.5 2.9 1.3 0.4 0.8 2655.29 94.5% 89.2% 96.6% 28.29 0.2124 0.28
13 94.6 3.0 1.2 0.4 0.7 2835.81 94.9% 88.9% 96.9% 29.15 0.2198 0.29
14 94.6 2.9 1.3 0.4 0.8 3014.17 94.5% 89.4% 96.5% 26.67 0.2005 0.26
15 94.9 2.7 1.3 0.3 0.8 3193.97 94.5% 90.0% 96.7% 26.63 0.2019 0.26
16 94.9 2.6 1.3 0.4 0.8 3373.82 94.4% 90.3% 96.7% 26.80 0.2036 0.26
17 94.9 2.6 1.3 0.4 0.8 3553.35 94.5% 90.5% 96.7% 26.21 0.1998 0.26
18 94.9 2.5 1.4 0.4 0.8 3733.32 94.4% 90.5% 96.6% 26.20 0.1992 0.26
19 95.0 2.5 1.3 0.3 0.8 3913.28 94.5% 90.6% 96.6% 25.19 0.1922 0.25
20 95.0 2.5 1.4 0.4 0.8 4092.56 94.4% 90.6% 96.6% 25.59 0.1950 0.25
21 95.1 2.5 1.3 0.4 0.8 4272.45 94.5% 90.7% 96.6% 24.46 0.1869 0.24
22 95.0 2.5 1.3 0.4 0.8 4451.64 94.5% 90.7% 96.6% 24.54 0.1871 0.24
23 95.0 2.5 1.3 0.4 0.8 4631.96 94.4% 90.7% 96.6% 24.01 0.1832 0.24
24 95.0 2.5 1.3 0.5 0.8 4810.70 94.6% 90.7% 96.6% 24.03 0.1836 0.24
25 94.9 2.5 1.3 0.4 0.8 4990.91 94.4% 90.7% 96.5% 23.53 0.1792 0.23
26 94.9 2.6 1.4 0.4 0.8 5170.56 94.2% 90.5% 96.5% 23.47 0.1779 0.23
27 94.9 2.5 1.3 0.4 0.8 5350.07 94.4% 90.5% 96.5% 22.33 0.1698 0.22
28 94.8 2.5 1.4 0.4 0.8 5529.36 94.3% 90.5% 96.5% 22.40 0.1701 0.22
29 94.9 2.5 1.3 0.4 0.8 5708.95 94.4% 90.6% 96.4% 21.35 0.1622 0.21
30 94.8 2.6 1.4 0.4 0.8 5888.72 94.1% 90.4% 96.7% 21.26 0.1612 0.21
31 94.8 2.5 1.4 0.5 0.8 6067.94 94.2% 90.5% 96.6% 20.76 0.1576 0.20
32 94.8 2.5 1.4 0.5 0.8 6247.05 94.1% 90.5% 96.7% 20.09 0.1524 0.20
33 94.7 2.6 1.4 0.4 0.8 6427.06 94.0% 90.4% 96.5% 19.61 0.1483 0.19
34 94.7 2.6 1.4 0.5 0.8 6606.22 93.9% 90.4% 96.6% 19.11 0.1444 0.19
35 94.8 2.5 1.4 0.4 0.8 6785.80 94.1% 90.5% 96.6% 18.02 0.1366 0.18
36 94.7 2.6 1.5 0.4 0.8 6965.48 93.9% 90.3% 96.5% 17.94 0.1354 0.18
37 94.8 2.6 1.4 0.4 0.8 7145.00 94.1% 90.3% 96.6% 16.89 0.1279 0.17
38 94.6 2.6 1.4 0.6 0.8 7324.29 94.1% 90.3% 96.5% 16.86 0.1274 0.17
39 94.6 2.6 1.4 0.6 0.8 7503.41 94.1% 90.4% 96.6% 16.37 0.1241 0.16
40 93.9 3.1 1.6 0.6 0.8 7684.48 93.4% 88.7% 96.3% 16.83 0.1239 0.16
41 94.6 2.6 1.4 0.5 0.8 7862.99 94.0% 90.1% 96.5% 15.85 0.1194 0.16
42 94.6 2.7 1.5 0.4 0.8 8043.34 93.8% 90.1% 96.5% 15.12 0.1137 0.15
43 94.7 2.6 1.4 0.4 0.8 8222.40 94.1% 90.2% 96.5% 14.51 0.1095 0.14
44 94.6 2.6 1.4 0.6 0.8 8402.07 94.0% 90.2% 96.4% 14.52 0.1096 0.14
45 94.6 2.6 1.5 0.4 0.8 8582.07 93.9% 90.1% 96.4% 14.14 0.1063 0.14
46 94.5 2.6 1.4 0.6 0.8 8761.60 94.0% 90.4% 96.4% 14.15 0.1068 0.14
47 94.5 2.7 1.4 0.6 0.8 8941.48 94.2% 89.8% 96.6% 14.21 0.1070 0.14
48 94.6 2.7 1.4 0.5 0.8 9121.67 94.1% 89.9% 96.6% 13.65 0.1029 0.13
49 94.5 2.8 1.4 0.5 0.8 9301.42 94.1% 89.7% 96.5% 13.60 0.1022 0.13
50 94.4 2.8 1.4 0.6 0.8 9481.09 94.1% 89.7% 96.5% 13.56 0.1020 0.13
51 94.6 2.7 1.3 0.6 0.7 9660.17 94.6% 89.8% 96.8% 13.08 0.0992 0.13
52 94.6 2.7 1.4 0.5 0.8 9840.59 94.3% 89.8% 96.6% 12.96 0.0978 0.13
53 94.6 2.8 1.3 0.5 0.7 10020.62 94.4% 89.5% 96.8% 12.43 0.0938 0.12
54 94.3 2.9 1.4 0.6 0.8 10200.39 94.2% 89.3% 96.6% 13.01 0.0975 0.13
55 94.4 2.7 1.5 0.7 0.7 10380.50 93.9% 89.9% 96.7% 13.06 0.0983 0.13
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Chevron Technology Ventures, LLC
CO2  Sorption Catalyst ECM259­011C Wt. CO2  extrudate, g 26.13 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/Al203 (90/10) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. Not Available Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere N2 Total Bed Wt., g 30.63
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 93.0 3.4 1.5 1.7 0.4 365.18 93.8% 87.7% 98.0% 1.87 0.0148 0.02
2 93.5 3.6 1.4 0.9 0.6 547.59 94.2% 87.1% 97.3% 4.95 0.0386 0.05
3 93.0 4.4 1.4 0.4 0.7 752.46 94.2% 84.4% 96.7% 29.21 0.2194 0.26
4 94.7 2.3 1.9 0.3 0.7 932.66 92.3% 91.2% 96.7% 29.95 0.2382 0.28
5 95.0 1.9 2.0 0.3 0.7 1112.74 91.7% 92.8% 96.7% 30.30 0.2439 0.29
6 95.0 1.8 2.1 0.3 0.7 1292.71 91.3% 93.0% 96.6% 30.33 0.2434 0.29
7 95.0 1.8 2.1 0.4 0.7 1472.11 91.5% 93.0% 96.6% 29.68 0.2385 0.29
8 95.2 1.9 1.9 0.3 0.7 1650.83 92.0% 92.8% 96.7% 28.35 0.2292 0.27
9 95.1 1.8 1.8 0.4 0.8 1829.76 92.5% 93.0% 96.4% 27.48 0.2227 0.27
10 95.2 1.9 1.9 0.3 0.7 2010.21 92.3% 92.8% 96.7% 26.74 0.2166 0.26
11 95.0 1.9 1.9 0.4 0.7 2189.47 92.3% 92.8% 96.6% 27.30 0.2209 0.26
12 95.2 1.9 1.8 0.3 0.7 2369.47 92.5% 92.7% 96.6% 26.11 0.2116 0.25
13 95.0 1.9 1.8 0.4 0.8 2548.90 92.4% 92.6% 96.5% 26.70 0.2157 0.26
14 95.2 2.0 1.8 0.3 0.8 2728.82 92.6% 92.6% 96.6% 25.54 0.2069 0.25
15 95.0 2.0 1.8 0.4 0.8 2908.75 92.5% 92.5% 96.4% 26.53 0.2142 0.26
16 95.0 2.0 1.8 0.4 0.8 3088.15 92.7% 92.4% 96.6% 25.54 0.2067 0.25
17 95.0 2.0 1.9 0.3 0.7 3268.83 92.2% 92.4% 96.8% 26.19 0.2113 0.25
18 95.0 2.0 1.8 0.4 0.7 3448.31 92.5% 92.3% 96.8% 25.66 0.2075 0.25
19 95.0 2.1 1.8 0.3 0.7 3628.25 92.4% 92.2% 96.7% 25.45 0.2051 0.25
20 94.9 2.1 1.9 0.4 0.7 3808.34 92.2% 92.1% 96.6% 25.53 0.2050 0.25
21 94.9 2.0 1.8 0.4 0.8 3987.74 92.4% 92.2% 96.6% 24.78 0.1995 0.24
22 94.9 2.1 1.9 0.3 0.8 4167.73 92.3% 92.0% 96.5% 24.58 0.1972 0.24
23 94.9 2.1 1.8 0.4 0.8 4347.14 92.5% 92.0% 96.6% 23.90 0.1923 0.23
24 94.8 2.1 1.9 0.4 0.8 4526.38 92.3% 92.0% 96.4% 23.61 0.1892 0.23
25 94.8 2.1 1.8 0.5 0.8 4705.66 92.4% 92.1% 96.4% 22.97 0.1843 0.22
26 94.6 2.1 1.9 0.5 0.8 4885.64 92.1% 91.9% 96.3% 23.40 0.1867 0.22
27 94.8 2.1 1.9 0.4 0.8 5065.06 92.3% 92.0% 96.2% 21.77 0.1740 0.21
28 94.8 2.1 1.9 0.4 0.8 5244.27 92.3% 92.0% 96.2% 21.11 0.1688 0.20
29 94.7 2.2 1.9 0.4 0.9 5423.93 92.2% 91.8% 96.1% 21.02 0.1674 0.20
30 94.8 2.2 1.8 0.4 0.8 5603.07 92.5% 91.8% 96.2% 20.43 0.1632 0.20
31 94.5 2.2 1.9 0.5 0.9 5782.86 92.0% 91.8% 95.8% 20.41 0.1617 0.19
32 94.5 2.2 2.0 0.4 0.9 5963.05 91.9% 91.7% 95.6% 19.38 0.1528 0.18
33 94.5 2.1 1.9 0.5 0.9 6141.74 92.1% 91.9% 95.7% 19.07 0.1511 0.18
34 94.5 2.2 1.9 0.5 0.9 6321.19 92.2% 91.8% 95.7% 17.88 0.1417 0.17
35 94.4 2.2 1.9 0.6 1.0 6500.33 92.2% 91.8% 95.6% 17.91 0.1419 0.17
36 94.4 2.2 1.9 0.4 1.1 6680.66 92.1% 91.8% 95.0% 17.40 0.1367 0.16
37 94.5 2.2 1.9 0.4 1.0 6859.82 92.0% 91.7% 95.4% 16.71 0.1316 0.16
38 94.2 2.2 2.0 0.5 1.0 7039.56 91.8% 91.6% 95.2% 16.79 0.1316 0.16
39 94.3 2.2 1.9 0.6 1.0 7218.62 92.0% 91.8% 95.3% 16.18 0.1274 0.15
40 94.4 2.2 2.1 0.4 0.9 7399.15 91.4% 91.5% 95.8% 15.57 0.1221 0.15
41 94.2 2.3 2.1 0.6 0.9 7578.45 91.5% 91.5% 95.7% 16.04 0.1257 0.15
42 94.2 2.3 2.0 0.5 1.1 7758.11 91.7% 91.4% 95.0% 14.95 0.1166 0.14
43 94.0 2.2 2.1 0.7 1.0 7937.77 91.4% 91.5% 95.5% 14.87 0.1162 0.14
44 94.2 2.2 2.0 0.6 0.9 8116.85 91.7% 91.5% 95.7% 14.19 0.1115 0.13
45 94.1 2.3 2.1 0.5 1.0 8297.19 91.3% 91.3% 95.5% 13.62 0.1061 0.13
46 94.2 2.3 2.1 0.5 1.0 8476.56 91.4% 91.3% 95.5% 13.20 0.1031 0.12
47 94.0 2.3 2.1 0.6 1.0 8656.06 91.4% 91.3% 95.5% 13.08 0.1021 0.12
48 94.1 2.3 2.0 0.6 1.0 8835.22 91.6% 91.3% 95.6% 12.42 0.0972 0.12
49 94.0 2.3 2.0 0.7 1.0 9015.11 91.5% 91.4% 95.4% 12.42 0.0970 0.12
50 93.8 2.4 2.2 0.6 1.0 9195.41 91.0% 91.1% 95.1% 11.77 0.0908 0.11
51 94.0 2.3 2.1 0.5 1.0 9374.56 91.2% 91.1% 95.2% 11.13 0.0862 0.10
52 93.7 2.3 2.0 0.7 1.3 9554.24 91.6% 91.3% 93.9% 11.22 0.0862 0.10
53 94.0 2.3 2.0 0.7 1.0 9733.25 91.7% 91.3% 95.3% 10.52 0.0821 0.10
54 93.9 2.3 2.1 0.6 1.1 9913.67 91.3% 91.2% 95.0% 9.95 0.0770 0.09
55 94.1 2.3 2.0 0.6 1.0 10092.59 91.6% 91.4% 95.2% 9.26 0.0722 0.09
56 93.9 2.3 2.0 0.8 1.0 10272.22 91.7% 91.4% 95.2% 9.35 0.0730 0.09
57 94.0 2.3 2.0 0.7 1.0 10451.87 91.8% 91.4% 95.1% 9.29 0.0726 0.09
58 93.9 2.3 2.1 0.6 1.1 10632.01 91.4% 91.4% 94.8% 8.57 0.0664 0.08
59 93.4 2.3 1.9 0.9 1.3 10811.67 92.2% 91.3% 93.9% 8.72 0.0674 0.08
60 93.7 2.3 2.0 0.9 1.1 10991.30 91.6% 91.4% 94.8% 8.71 0.0677 0.08
61 94.1 2.2 1.9 0.7 1.0 11171.00 92.1% 91.4% 95.2% 7.48 0.0587 0.07
62 93.9 2.3 2.0 0.7 1.1 11350.95 91.7% 91.2% 94.7% 7.95 0.0617 0.07
63 93.9 2.2 1.8 1.1 1.0 11530.23 92.3% 91.6% 95.3% 7.49 0.0591 0.07
64 94.1 2.3 1.9 0.6 1.1 11710.44 92.0% 91.4% 95.1% 6.79 0.0532 0.06
65 94.0 2.3 1.9 0.7 1.1 11890.29 92.0% 91.3% 95.1% 6.84 0.0535 0.06
66 94.0 2.3 1.9 0.7 1.1 12069.70 92.1% 91.3% 95.0% 6.53 0.0510 0.06
67 93.9 2.2 1.8 1.0 1.0 12249.57 92.4% 91.6% 95.2% 6.78 0.0535 0.06
68 94.0 2.3 1.9 0.7 1.1 12429.98 92.0% 91.2% 95.0% 6.17 0.0482 0.06
69 94.1 2.2 1.8 0.8 1.1 12609.04 92.3% 91.5% 95.1% 5.79 0.0455 0.05
70 93.7 2.5 2.3 0.7 0.8 12790.63 90.6% 90.7% 96.3% 6.79 0.0526 0.06
71 94.0 2.3 2.1 0.8 0.8 12969.66 91.2% 91.2% 96.3% 6.49 0.0509 0.06
72 93.7 2.4 2.2 0.8 0.9 13150.37 90.7% 90.8% 95.9% 6.83 0.0528 0.06
73 93.9 2.4 2.2 0.7 0.9 13329.69 90.9% 91.1% 95.9% 6.57 0.0511 0.06
74 93.9 2.3 2.1 0.8 0.9 13509.75 91.2% 91.2% 95.9% 6.33 0.0494 0.06
75 93.5 2.4 2.0 1.2 0.9 13689.44 91.4% 91.1% 96.0% 6.37 0.0499 0.06
76 93.7 2.3 2.1 1.0 0.9 13869.29 91.4% 91.1% 95.9% 6.34 0.0496 0.06
77 93.9 2.3 2.1 0.7 0.9 14049.44 91.4% 91.2% 95.6% 5.34 0.0416 0.05
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Average Reaction Efficiencies ECM259­011C & Engelhard Escat 326
Average Reformate Composition  ECM259­011C & Engelhard Escat 326
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Chevron Technology Ventures, LLC
CO2  Sorption Catalyst *ECM259012C Wt. CO2  extrudate, g 26.57 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326 Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/Al203 (90/10) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. ECM259007­009 Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 31.07
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 91.9 4.7 1.2 1.8 0.3 376.29 94.7% 83.2% 98.8% 1.22 0.0091 0.01
2 93.1 3.8 1.4 1.2 0.6 560.05 94.2% 86.4% 97.5% 5.58 0.0426 0.05
3 92.8 4.5 1.3 0.7 0.7 754.65 94.3% 84.2% 97.0% 20.37 0.1509 0.19
4 93.9 3.1 1.7 0.5 0.7 941.09 92.7% 88.6% 96.8% 26.86 0.2056 0.26
5 94.6 2.3 2.0 0.4 0.7 1121.07 91.9% 91.4% 96.7% 27.05 0.2113 0.27
6 94.9 2.0 2.0 0.4 0.7 1300.47 91.8% 92.5% 96.8% 26.02 0.2057 0.26
7 94.9 1.8 2.0 0.5 0.7 1480.30 91.6% 92.9% 96.7% 26.04 0.2062 0.26
8 95.0 1.8 2.1 0.4 0.7 1660.41 91.4% 93.1% 96.6% 25.93 0.2051 0.26
9 95.0 1.8 2.0 0.4 0.7 1839.91 91.6% 93.0% 96.6% 25.51 0.2021 0.26
10 95.0 1.8 2.0 0.4 0.7 2019.33 91.8% 92.9% 96.6% 24.84 0.1969 0.25
11 95.0 1.8 1.9 0.4 0.7 2198.81 92.0% 93.0% 96.6% 24.30 0.1932 0.24
12 95.0 1.9 2.0 0.4 0.8 2378.93 91.8% 92.9% 96.5% 24.10 0.1908 0.24
13 95.0 1.9 2.0 0.4 0.8 2558.70 91.9% 92.8% 96.5% 23.63 0.1871 0.24
14 95.0 1.9 1.9 0.4 0.8 2737.85 92.0% 92.8% 96.4% 23.76 0.1882 0.24
15 94.9 1.9 2.0 0.4 0.7 2918.19 91.8% 92.6% 96.7% 23.70 0.1875 0.24
16 94.9 2.0 2.0 0.4 0.7 3097.99 91.8% 92.5% 96.7% 23.26 0.1837 0.23
17 94.7 2.0 2.1 0.5 0.8 3278.03 91.5% 92.4% 96.5% 23.92 0.1878 0.24
18 94.8 2.0 1.9 0.5 0.7 3457.30 92.0% 92.4% 96.6% 22.66 0.1789 0.23
19 94.7 2.1 2.1 0.4 0.8 3637.88 91.5% 92.2% 96.4% 22.74 0.1778 0.23
20 94.8 2.0 1.9 0.5 0.8 3816.74 91.9% 92.3% 96.5% 22.06 0.1737 0.22
21 94.6 2.1 2.0 0.5 0.8 3996.30 91.8% 92.2% 96.3% 22.16 0.1737 0.22
22 94.6 2.1 2.0 0.4 0.8 4176.37 91.6% 92.0% 96.2% 21.51 0.1678 0.21
23 94.7 2.1 2.0 0.4 0.8 4355.37 91.7% 92.2% 96.1% 20.92 0.1636 0.21
24 94.5 2.1 2.0 0.5 0.9 4534.96 91.6% 92.0% 96.0% 20.47 0.1593 0.20
25 94.5 2.1 2.0 0.4 0.9 4714.47 91.5% 91.9% 95.9% 19.96 0.1550 0.20
26 94.5 2.1 2.0 0.5 0.9 4893.65 91.7% 92.0% 95.9% 18.64 0.1451 0.18
27 94.4 2.1 2.0 0.6 0.9 5072.91 91.6% 91.9% 95.8% 18.98 0.1472 0.19
28 94.4 2.2 2.0 0.5 0.9 5252.46 91.7% 91.8% 95.7% 17.76 0.1376 0.17
29 94.3 2.2 2.1 0.5 1.0 5432.42 91.4% 91.8% 95.4% 17.19 0.1324 0.17
30 94.4 2.2 2.1 0.5 0.8 5611.89 91.1% 91.8% 96.1% 17.08 0.1322 0.17
31 94.2 2.2 2.2 0.4 0.9 5791.96 90.9% 91.6% 95.7% 16.57 0.1271 0.16
32 94.3 2.2 2.1 0.5 0.9 5970.71 91.2% 91.6% 95.7% 15.80 0.1216 0.15
33 94.2 2.2 2.1 0.6 0.9 6149.77 91.4% 91.7% 95.8% 15.23 0.1177 0.15
34 94.3 2.2 2.1 0.4 0.9 6329.69 91.2% 91.7% 95.6% 14.66 0.1128 0.14
35 94.1 2.2 2.1 0.7 0.9 6508.93 91.2% 91.6% 95.7% 14.58 0.1122 0.14
36 94.2 2.2 2.2 0.4 1.0 6688.91 91.0% 91.5% 95.4% 13.95 0.1068 0.14
37 94.0 2.2 2.1 0.7 1.0 6868.23 91.1% 91.6% 95.4% 13.90 0.1065 0.14
38 93.8 2.3 2.2 0.7 1.0 7048.01 90.9% 91.4% 95.2% 13.28 0.1012 0.13
39 94.0 2.2 2.2 0.5 1.1 7227.81 90.8% 91.5% 95.0% 12.65 0.0962 0.12
40 93.9 2.3 2.2 0.6 1.0 7407.17 91.0% 91.4% 95.1% 12.12 0.0923 0.12
41 93.9 2.3 2.2 0.6 1.1 7586.59 90.9% 91.4% 95.0% 12.03 0.0915 0.12
42 93.9 2.2 2.2 0.6 1.1 7766.55 90.8% 91.4% 94.8% 11.35 0.0861 0.11
43 93.8 2.2 2.2 0.7 1.1 7945.76 90.9% 91.5% 94.8% 11.40 0.0866 0.11
44 93.8 2.3 2.2 0.7 1.1 8125.53 90.9% 91.3% 94.8% 10.73 0.0814 0.10
45 93.9 2.3 2.2 0.5 1.1 8305.20 90.9% 91.3% 94.8% 10.10 0.0765 0.10
46 93.4 2.6 2.3 0.4 1.2 8666.85 90.2% 90.1% 94.0% 4.89 0.0360 0.05
47 93.4 2.6 2.1 0.9 1.0 8843.69 91.4% 90.2% 95.1% 8.74 0.0660 0.08
48 93.6 2.7 2.1 0.5 1.1 9024.36 91.1% 89.9% 94.9% 7.74 0.0579 0.07
49 93.7 2.7 2.1 0.4 1.1 9203.98 91.2% 89.9% 94.8% 7.68 0.0575 0.07
50 93.5 2.6 2.1 0.6 1.1 9383.57 91.3% 90.1% 94.8% 7.73 0.0580 0.07
51 93.5 2.7 2.1 0.5 1.1 9563.20 91.2% 90.0% 94.7% 7.69 0.0576 0.07
52 93.7 2.7 2.3 0.4 0.8 9744.36 90.2% 90.1% 96.0% 7.71 0.0579 0.07
53 93.5 2.6 2.3 0.8 0.9 9923.89 90.4% 90.3% 95.9% 8.06 0.0608 0.08
54 93.6 2.6 2.3 0.5 0.9 10103.77 90.2% 90.3% 95.7% 7.57 0.0569 0.07
55 93.5 2.5 2.2 0.9 0.9 10283.09 90.8% 90.6% 95.9% 7.62 0.0579 0.07
56 93.5 2.5 2.2 0.9 0.9 10462.86 90.6% 90.5% 95.8% 7.70 0.0583 0.07
57 93.5 2.6 2.3 0.6 1.0 10643.49 90.2% 90.2% 95.4% 7.12 0.0532 0.07
58 93.5 2.5 2.1 1.0 0.9 10821.98 91.1% 90.7% 96.0% 7.00 0.0535 0.07
59 93.6 2.6 2.2 0.7 0.9 11002.49 90.6% 90.4% 95.6% 6.47 0.0488 0.06
60 93.3 2.5 2.2 1.0 0.9 11182.03 90.7% 90.5% 95.5% 7.06 0.0533 0.07
61 93.7 2.5 2.2 0.6 1.0 11361.98 90.9% 90.5% 95.5% 5.76 0.0436 0.06
62 93.2 2.6 2.3 0.9 1.1 11542.22 90.4% 90.3% 95.0% 6.33 0.0472 0.06
63 93.3 2.6 2.4 0.6 1.1 11722.18 90.1% 90.3% 94.7% 6.32 0.0469 0.06
64 93.5 2.5 2.2 0.7 1.0 11901.55 90.8% 90.5% 95.2% 5.76 0.0434 0.05
65 93.6 2.6 2.2 0.5 1.1 12081.66 90.6% 90.3% 94.8% 5.69 0.0425 0.05
66 93.3 2.6 2.3 0.7 1.2 12261.83 90.4% 90.3% 94.5% 5.68 0.0422 0.05
67 93.7 2.5 2.2 0.6 1.1 12441.27 91.0% 90.6% 94.9% 5.04 0.0380 0.05
68 93.6 2.5 2.1 0.8 1.1 12621.01 91.3% 90.7% 95.1% 5.00 0.0379 0.05
69 93.1 2.5 2.1 1.2 1.1 12800.90 91.2% 90.5% 95.0% 5.02 0.0379 0.05
70 93.5 2.6 2.3 0.8 0.8 12981.61 90.2% 90.4% 96.2% 5.66 0.0428 0.05
71 93.1 2.6 2.4 1.1 0.9 13161.53 90.0% 90.3% 95.7% 5.62 0.0422 0.05
72 93.2 2.6 2.3 1.0 0.9 13341.20 90.3% 90.2% 95.9% 5.68 0.0427 0.05
73 93.3 2.6 2.4 0.7 1.0 13521.54 90.1% 90.2% 95.4% 5.09 0.0380 0.05
74 93.4 2.6 2.4 0.6 1.0 13701.33 90.1% 90.2% 95.4% 5.06 0.0377 0.05
75 93.3 2.6 2.3 0.8 1.0 13881.12 90.3% 90.2% 95.5% 5.03 0.0376 0.05
76 93.3 2.6 2.3 0.7 1.0 14061.43 90.2% 90.2% 95.2% 4.39 0.0328 0.04
77 93.1 2.5 2.2 1.3 0.9 14240.55 90.8% 90.5% 95.6% 5.07 0.0383 0.05
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Chevron Technology Ventures, LLC
Average Reaction Efficiencies *ECM259012C & Engelhard Escat 326
Average Reformate Composition  *ECM259012C & Engelhard Escat 326
gCO2 Sorbed per g Sorbent *ECM259012C & Engelhard Escat 326
Average Reaction Efficiencies
*ECM259012C & Engelhard Escat 326
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Chevron Technology Ventures, LLC
CO2  Sorption Catalyst *ECM259013C Wt. CO2  extrudate, g 24.75 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard SRXX Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/Al2O3 (90/10) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. HCB326030B Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 29.25
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 94.7 3.3 1.0 0.3 0.6 302.59 95.8% 87.9% 97.3% 29.74 0.0042 0.28
2 93.3 4.8 0.9 0.3 0.7 481.64 96.0% 83.1% 97.1% 29.96 0.0040 0.26
3 93.3 4.8 0.9 0.3 0.7 661.61 96.0% 83.4% 97.1% 29.18 0.0040 0.26
4 93.8 4.3 1.0 0.2 0.7 841.00 95.9% 84.7% 97.1% 28.78 0.0041 0.26
5 93.6 4.2 1.1 0.3 0.7 1021.67 95.3% 85.0% 96.9% 29.20 0.0041 0.26
6 93.8 4.0 1.2 0.3 0.7 1200.74 95.0% 85.9% 96.8% 29.09 0.0041 0.26
7 94.1 3.6 1.2 0.2 0.8 1381.77 94.8% 87.0% 96.6% 27.58 0.0041 0.25
8 94.2 3.4 1.2 0.4 0.7 1559.29 95.0% 87.5% 96.7% 27.28 0.0042 0.25
9 94.2 3.4 1.2 0.3 0.8 1739.75 94.8% 87.6% 96.6% 26.82 0.0041 0.24
10 94.7 3.1 1.1 0.3 0.7 1916.42 95.3% 88.7% 96.9% 23.80 0.0042 0.22
11 94.4 3.3 1.2 0.3 0.8 2097.45 94.9% 88.0% 96.7% 25.15 0.0042 0.23
12 94.5 3.3 1.2 0.3 0.7 2277.14 95.1% 88.0% 96.8% 24.08 0.0042 0.22
13 94.4 3.3 1.2 0.4 0.7 2459.00 95.2% 87.9% 96.8% 26.05 0.0042 0.24
14 94.1 3.5 1.2 0.4 0.7 2636.08 95.0% 87.3% 96.8% 23.24 0.0041 0.21
15 94.5 3.2 1.2 0.4 0.8 2815.81 95.0% 88.4% 96.6% 22.99 0.0042 0.21
16 94.7 3.0 1.1 0.4 0.7 2994.90 95.4% 88.9% 96.8% 22.24 0.0042 0.21
17 94.3 3.3 1.2 0.5 0.8 3174.64 95.2% 88.1% 96.7% 22.59 0.0042 0.21
18 94.5 3.0 1.2 0.5 0.8 3354.97 95.0% 89.0% 96.4% 22.54 0.0042 0.21
19 94.7 2.9 1.2 0.4 0.8 3534.13 95.2% 89.2% 96.5% 21.50 0.0042 0.20
20 94.7 3.0 1.1 0.5 0.8 3713.80 95.3% 89.0% 96.6% 21.17 0.0042 0.20
21 94.8 2.8 1.1 0.4 0.8 3892.88 95.3% 89.6% 96.5% 20.68 0.0043 0.19
22 94.4 3.1 1.2 0.5 0.8 4073.39 95.2% 88.7% 96.3% 21.06 0.0042 0.19
23 94.8 2.9 1.1 0.4 0.8 4253.04 95.4% 89.4% 96.5% 20.47 0.0042 0.19
24 94.6 3.0 1.1 0.4 0.8 4432.91 95.2% 89.0% 96.4% 20.04 0.0042 0.19
25 94.7 2.8 1.1 0.5 0.9 4611.51 95.4% 89.7% 96.1% 19.73 0.0043 0.18
26 94.9 2.8 1.0 0.5 0.7 4790.43 95.8% 89.6% 96.8% 18.15 0.0043 0.17
27 95.0 2.6 1.0 0.5 0.8 4970.09 95.7% 90.2% 96.6% 17.89 0.0043 0.17
28 94.8 2.7 1.2 0.4 0.9 5151.54 95.1% 89.9% 95.9% 18.75 0.0042 0.17
29 94.9 2.6 1.1 0.5 0.9 5330.36 95.5% 90.2% 96.2% 18.36 0.0043 0.17
30 94.6 2.9 1.1 0.6 0.8 5508.69 95.6% 89.3% 96.6% 16.67 0.0043 0.16
31 94.6 3.1 1.2 0.4 0.7 5690.00 95.2% 88.5% 96.8% 17.23 0.0042 0.16
32 94.4 3.0 1.2 0.7 0.8 5869.33 95.1% 89.0% 96.7% 17.06 0.0042 0.16
33 94.5 2.8 1.2 0.5 0.9 6050.75 94.8% 89.6% 96.0% 18.18 0.0042 0.17
34 94.3 3.2 1.2 0.5 0.8 6228.98 95.0% 88.3% 96.4% 16.20 0.0042 0.15
35 94.8 2.7 1.2 0.5 0.9 6408.85 95.0% 90.1% 96.2% 15.84 0.0043 0.15
36 94.3 3.2 1.2 0.5 0.8 6588.56 95.1% 88.2% 96.3% 15.68 0.0042 0.14
37 94.7 2.8 1.2 0.4 0.9 6768.31 95.1% 89.6% 96.2% 14.90 0.0042 0.14
38 94.9 2.7 1.1 0.6 0.8 6946.68 95.5% 90.1% 96.5% 14.42 0.0043 0.14
39 94.6 2.7 1.1 0.7 0.8 7127.57 95.3% 89.8% 96.3% 15.18 0.0043 0.14
40 94.3 3.1 1.2 0.4 0.9 7309.20 95.1% 88.5% 96.0% 15.95 0.0042 0.15
41 94.2 3.0 1.2 0.7 0.9 7487.00 95.0% 89.0% 96.2% 13.97 0.0042 0.13
42 94.4 3.1 1.1 0.5 0.9 7666.93 95.2% 88.8% 96.1% 13.53 0.0042 0.12
43 93.7 3.6 1.1 0.8 0.8 7845.76 95.2% 87.1% 96.6% 12.68 0.0041 0.12
44 93.6 3.5 1.2 0.7 0.9 8026.27 94.8% 87.2% 95.9% 13.63 0.0041 0.12
45 93.6 3.6 1.2 0.6 0.9 8206.74 94.7% 87.0% 95.9% 13.51 0.0041 0.12
46 94.6 2.8 1.1 0.5 0.9 8386.67 95.2% 89.4% 95.9% 13.33 0.0042 0.12
47 94.1 3.3 1.2 0.5 0.9 8566.68 95.0% 88.0% 96.0% 12.66 0.0041 0.12
48 94.4 3.1 1.1 0.5 0.9 8746.26 95.4% 88.5% 96.1% 12.17 0.0042 0.11
49 94.7 2.9 1.1 0.5 0.9 8925.89 95.5% 89.4% 96.1% 11.92 0.0042 0.11
50 93.7 3.6 1.3 0.5 1.0 9106.87 94.6% 87.0% 95.6% 12.25 0.0041 0.11
51 94.7 2.9 1.0 0.5 0.9 9284.61 95.6% 89.3% 96.2% 10.50 0.0042 0.10
52 96.6 2.5 0.2 0.5 0.3 9466.20 99.3% 90.8% 98.7% 13.16 0.0046 0.13
53 90.5 3.2 3.4 0.7 2.2 9816.01 85.6% 88.1% 88.8% 0.83 0.0035 0.01
54 94.6 4.2 0.1 0.8 0.2 10006.93 99.6% 85.1% 99.1% 14.07 0.0043 0.13
55 94.0 4.9 0.1 0.7 0.2 10188.83 99.5% 83.1% 99.1% 15.62 0.0042 0.14
56 94.3 4.8 0.1 0.6 0.2 10366.73 99.5% 83.4% 99.3% 12.45 0.0042 0.12
57 94.2 5.0 0.1 0.5 0.2 10546.94 99.5% 82.7% 99.3% 12.30 0.0042 0.11
58 93.7 5.3 0.4 0.5 0.2 10727.44 98.4% 82.0% 99.2% 13.00 0.0041 0.12
59 94.3 4.4 0.3 0.6 0.3 10905.53 98.8% 84.4% 98.4% 11.49 0.0042 0.11
60 94.7 4.4 0.1 0.6 0.2 11085.05 99.5% 84.6% 99.2% 11.66 0.0043 0.11
61 95.1 4.1 0.1 0.5 0.1 11265.11 99.6% 85.3% 99.4% 10.61 0.0044 0.10
62 93.6 5.3 0.1 0.7 0.2 11446.47 99.4% 81.8% 99.2% 12.04 0.0042 0.11
84 92.1 6.8 0.1 0.9 0.0 15898.33 99.6% 77.5% 100.0% 11.46 0.0040 0.10
85 93.0 5.8 0.1 0.9 0.1 16076.80 99.6% 80.1% 99.4% 9.43 0.0041 0.08
86 93.3 5.6 0.1 0.8 0.1 16255.55 99.6% 80.7% 99.5% 8.30 0.0041 0.08
87 93.6 5.3 0.1 0.9 0.1 16434.90 99.7% 81.7% 99.6% 7.63 0.0042 0.07
88 93.5 5.3 0.1 1.0 0.1 16614.97 99.7% 81.6% 99.6% 8.27 0.0042 0.08
89 93.3 5.7 0.1 0.8 0.1 16795.51 99.6% 80.6% 99.5% 7.97 0.0041 0.07
90 92.7 6.2 0.1 0.8 0.2 16975.58 99.5% 78.9% 99.3% 7.08 0.0040 0.06
91 94.1 5.0 0.1 0.7 0.1 17154.51 99.6% 82.7% 99.6% 6.52 0.0042 0.06
92 94.5 4.6 0.1 0.7 0.1 17336.73 99.7% 84.1% 99.7% 9.05 0.0043 0.09
93 96.1 3.2 0.1 0.3 0.3 17529.39 99.7% 88.8% 98.8% 2.50 0.0045 0.02
94 92.5 6.1 0.1 1.1 0.1 18234.83 99.6% 79.3% 99.5% 6.81 0.0041 0.06
95 92.0 6.9 0.1 0.8 0.1 18415.72 99.5% 77.0% 99.5% 7.19 0.0039 0.06
96 92.9 5.9 0.1 1.0 0.1 18595.41 99.5% 79.8% 99.6% 6.94 0.0041 0.06
97 94.0 5.0 0.1 0.8 0.1 18774.11 99.7% 82.6% 99.6% 5.69 0.0042 0.05
98 93.0 6.0 0.1 0.8 0.1 18956.32 99.6% 79.7% 99.6% 7.53 0.0041 0.07
99 92.8 6.1 0.1 0.8 0.1 19133.60 99.5% 79.3% 99.6% 4.82 0.0041 0.04
100 93.0 5.8 0.1 1.0 0.1 19314.05 99.6% 80.2% 99.7% 5.82 0.0041 0.05
101 92.1 6.7 0.1 0.9 0.1 19496.03 99.5% 77.7% 99.5% 6.95 0.0040 0.06
102 92.8 6.0 0.1 0.9 0.1 19674.09 99.6% 79.5% 99.6% 5.60 0.0041 0.05
103 92.6 6.1 0.1 1.1 0.1 19854.47 99.6% 79.5% 99.5% 6.22 0.0041 0.06
104 93.0 5.7 0.1 1.1 0.1 20034.13 99.6% 80.5% 99.6% 6.25 0.0041 0.06
105 92.6 6.3 0.1 0.8 0.1 20215.86 99.6% 78.8% 99.6% 6.77 0.0040 0.06
106 93.3 5.6 0.1 0.9 0.1 20395.10 99.6% 80.8% 99.6% 7.24 0.0041 0.07
107 92.8 6.0 0.1 1.0 0.1 20574.26 99.5% 79.7% 99.6% 5.72 0.0041 0.05
108 93.8 4.9 0.1 1.1 0.1 20753.69 99.6% 83.0% 99.6% 4.99 0.0043 0.05
109 92.4 6.5 0.1 0.8 0.1 20935.77 99.5% 78.2% 99.6% 7.02 0.0040 0.06
110 93.0 6.0 0.1 0.8 0.1 21114.60 99.5% 79.7% 99.6% 4.33 0.0041 0.04
111 92.4 6.3 0.1 1.0 0.1 21295.02 99.5% 78.9% 99.6% 7.05 0.0040 0.06
112 93.2 5.7 0.1 0.9 0.1 21475.51 99.6% 80.6% 99.6% 6.22 0.0041 0.06
113 92.8 6.1 0.1 0.9 0.1 21653.98 99.6% 79.2% 99.7% 5.12 0.0041 0.05
114 92.8 6.1 0.1 0.9 0.1 21834.29 99.5% 79.3% 99.6% 4.97 0.0041 0.04
115 92.3 6.5 0.1 0.9 0.1 22014.77 99.4% 78.0% 99.6% 6.35 0.0040 0.06
116 94.1 4.5 0.1 1.2 0.1 22193.01 99.7% 84.1% 99.7% 5.03 0.0043 0.05
117 92.3 6.2 0.1 1.2 0.1 22374.30 99.5% 79.0% 99.6% 5.67 0.0040 0.05
118 91.7 6.8 0.1 1.3 0.1 22554.02 99.6% 77.4% 99.6% 5.96 0.0040 0.05
119 92.3 6.3 0.1 1.2 0.1 22733.75 99.5% 78.7% 99.6% 5.15 0.0040 0.05
120 92.7 6.2 0.1 0.8 0.1 22914.09 99.5% 79.1% 99.6% 5.25 0.0040 0.05
121 92.3 6.5 0.1 0.9 0.1 23094.61 99.5% 78.2% 99.6% 5.38 0.0040 0.05
122 93.3 5.7 0.1 0.8 0.1 23274.23 99.5% 80.6% 99.6% 5.76 0.0041 0.05
123 91.9 6.9 0.1 0.9 0.1 23453.77 99.4% 77.0% 99.6% 4.43 0.0039 0.04
124 92.8 5.9 0.1 1.1 0.1 23634.15 99.5% 80.0% 99.6% 5.02 0.0041 0.05
125 91.8 6.8 0.1 1.1 0.1 23813.04 99.5% 77.1% 99.6% 4.45 0.0039 0.04
126 93.2 4.6 0.1 2.0 0.1 23991.11 99.7% 83.8% 99.7% 3.10 0.0043 0.03
127 91.9 7.0 0.1 0.9 0.1 24173.81 99.6% 76.9% 99.6% 5.08 0.0039 0.04
128 93.0 5.8 0.1 0.9 0.1 24354.60 99.6% 80.1% 99.5% 5.60 0.0041 0.05
129 92.8 6.1 0.1 0.8 0.1 24532.50 99.6% 79.3% 99.7% 3.79 0.0041 0.03
130 92.3 6.3 0.1 1.1 0.1 24712.85 99.6% 78.6% 99.6% 3.97 0.0040 0.04
131 91.8 6.7 0.1 1.3 0.1 24893.73 99.6% 77.6% 99.6% 4.91 0.0040 0.04
132 93.0 5.9 0.1 0.9 0.1 25073.61 99.5% 80.0% 99.5% 4.52 0.0041 0.04
133 92.5 6.6 0.1 0.8 0.1 25253.08 99.7% 77.9% 99.6% 2.52 0.0040 0.02
134 92.5 5.9 0.1 1.3 0.1 25433.06 99.6% 79.8% 99.6% 5.03 0.0041 0.05
135 92.8 6.1 0.1 0.9 0.1 25613.90 99.5% 79.5% 99.5% 4.49 0.0041 0.04
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst *ECM259013C Wt. CO2  extrudate, g 24.72 Reactor R2
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326  Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/Al2O3 (90/10) Density CO2, g/cc 0.8 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. HCB326030B Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere Air Total Bed Wt., g 29.22
Calcined, C 750 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 92.6 3.8 1.8 1.1 0.7 275.43 92.5% 86.4% 96.7% 2.56 0.0040 0.02
2 92.9 3.9 1.8 0.6 0.8 459.24 92.6% 86.1% 96.2% 6.33 0.0040 0.05
3 92.9 3.9 2.0 0.2 0.9 656.23 91.6% 86.0% 95.9% 23.80 0.0039 0.19
4 94.1 2.4 2.3 0.3 0.9 837.99 90.2% 91.1% 95.9% 25.77 0.0041 0.21
5 94.3 2.0 2.4 0.3 0.9 1018.33 89.9% 92.4% 95.8% 25.85 0.0041 0.21
6 94.5 1.9 2.4 0.2 0.9 1197.97 90.1% 92.6% 95.8% 25.11 0.0041 0.21
7 94.4 2.0 2.4 0.3 0.9 1378.01 90.1% 92.5% 95.8% 25.03 0.0041 0.21
8 94.3 2.0 2.4 0.4 0.9 1557.11 90.3% 92.3% 95.9% 25.10 0.0041 0.21
9 94.2 2.1 2.4 0.3 0.9 1737.96 90.0% 92.0% 95.7% 25.03 0.0041 0.21
10 94.3 2.1 2.3 0.3 0.9 1917.10 90.4% 92.0% 95.8% 24.46 0.0041 0.20
11 94.2 2.2 2.3 0.4 0.9 2097.09 90.4% 91.8% 95.7% 24.78 0.0041 0.20
12 94.2 2.2 2.3 0.3 0.9 2277.32 90.3% 91.7% 95.6% 24.27 0.0041 0.20
13 94.3 2.2 2.3 0.3 0.9 2456.97 90.6% 91.7% 95.7% 24.01 0.0041 0.20
14 94.3 2.2 2.3 0.3 0.9 2636.64 90.6% 91.6% 95.7% 23.80 0.0041 0.20
15 94.2 2.2 2.3 0.3 0.9 2816.69 90.6% 91.5% 95.6% 23.86 0.0041 0.20
16 94.3 2.2 2.2 0.3 0.9 2996.17 90.9% 91.6% 95.7% 23.40 0.0041 0.19
17 94.3 2.2 2.2 0.3 0.9 3176.25 90.8% 91.5% 95.6% 22.87 0.0041 0.19
18 94.2 2.3 2.2 0.3 0.9 3356.23 90.7% 91.4% 95.6% 22.58 0.0041 0.19
19 94.1 2.3 2.2 0.4 1.0 3535.80 90.7% 91.4% 95.4% 23.16 0.0041 0.19
20 94.1 2.3 2.2 0.4 1.0 3715.40 90.9% 91.4% 95.5% 22.77 0.0041 0.19
21 94.2 2.3 2.1 0.4 1.0 3894.58 91.1% 91.4% 95.6% 22.37 0.0041 0.18
22 94.2 2.3 2.2 0.3 1.0 4075.58 90.8% 91.3% 95.3% 21.92 0.0041 0.18
23 94.1 2.3 2.2 0.4 1.0 4254.49 91.0% 91.3% 95.4% 21.91 0.0041 0.18
24 94.1 2.3 2.2 0.3 1.0 4434.79 90.8% 91.2% 95.2% 21.91 0.0041 0.18
25 94.1 2.3 2.2 0.3 1.0 4614.33 90.9% 91.3% 95.2% 21.34 0.0041 0.17
26 94.0 2.3 2.2 0.5 1.0 4793.56 91.0% 91.2% 95.1% 21.27 0.0041 0.17
27 94.0 2.4 2.2 0.4 1.1 4973.74 90.9% 91.1% 95.0% 20.20 0.0041 0.16
28 94.0 2.4 2.2 0.4 1.1 5152.80 90.9% 91.1% 94.9% 20.00 0.0041 0.16
29 93.9 2.4 2.2 0.4 1.1 5333.03 90.7% 90.9% 94.7% 19.81 0.0040 0.16
30 93.9 2.4 2.2 0.3 1.1 5512.08 90.8% 90.9% 94.7% 18.83 0.0040 0.15
31 93.7 2.4 2.3 0.5 1.1 5691.91 90.5% 90.8% 94.9% 19.15 0.0040 0.15
32 93.4 2.4 2.4 0.6 1.2 5869.78 89.8% 90.9% 94.3% 17.51 0.0040 0.14
33 93.3 2.4 2.5 0.5 1.3 6049.64 89.7% 90.7% 94.0% 17.06 0.0040 0.14
34 93.4 2.5 2.4 0.4 1.3 6228.37 89.8% 90.7% 94.0% 15.57 0.0040 0.12
35 93.3 2.5 2.5 0.4 1.3 6408.06 89.7% 90.7% 93.6% 15.04 0.0039 0.12
36 93.3 2.5 2.4 0.4 1.3 6586.70 89.8% 90.5% 93.7% 13.81 0.0039 0.11
37 93.2 2.5 2.5 0.4 1.4 6766.55 89.6% 90.5% 93.4% 13.12 0.0039 0.10
38 93.2 2.5 2.4 0.5 1.4 6945.44 89.8% 90.6% 93.4% 11.96 0.0039 0.09
39 93.0 2.5 2.4 0.7 1.4 7124.35 89.8% 90.6% 93.4% 11.95 0.0039 0.09
40 93.0 2.5 2.4 0.7 1.4 7303.87 90.1% 90.5% 93.5% 10.61 0.0039 0.08
41 93.0 2.5 2.4 0.6 1.4 7483.66 89.7% 90.5% 93.3% 10.62 0.0039 0.08
42 93.0 2.5 2.4 0.7 1.4 7663.01 89.8% 90.5% 93.4% 9.60 0.0039 0.08
43 93.2 2.5 2.4 0.5 1.4 7842.52 89.9% 90.6% 93.4% 9.43 0.0039 0.07
44 93.2 2.5 2.4 0.5 1.4 8022.25 89.9% 90.5% 93.4% 8.27 0.0039 0.07
45 93.1 2.5 2.4 0.5 1.4 8201.47 89.8% 90.4% 93.5% 8.12 0.0039 0.06
46 93.1 2.5 2.4 0.6 1.5 8381.62 89.8% 90.6% 93.1% 8.27 0.0039 0.06
47 92.9 2.6 2.4 0.8 1.4 8561.14 90.0% 90.1% 93.6% 7.11 0.0039 0.06
48 93.1 2.6 2.4 0.5 1.4 8741.39 90.0% 90.2% 93.2% 7.30 0.0039 0.06
49 92.9 2.6 2.4 0.7 1.4 8920.33 89.9% 90.2% 93.6% 6.36 0.0039 0.05
50 92.8 2.7 2.5 0.4 1.5 9101.17 89.4% 89.8% 92.6% 6.53 0.0038 0.05
51 92.8 2.6 2.4 0.7 1.5 9280.42 89.8% 90.1% 93.1% 6.32 0.0039 0.05
52 92.6 2.7 2.4 0.8 1.5 9459.66 89.9% 90.0% 93.0% 6.60 0.0039 0.05
53 92.5 2.6 2.4 0.9 1.5 9639.79 89.7% 90.0% 92.9% 6.34 0.0039 0.05
54 93.0 2.6 2.4 0.6 1.4 9819.25 90.1% 90.3% 93.3% 5.65 0.0039 0.04
55 93.1 2.7 2.5 0.5 1.2 10000.10 89.3% 89.9% 94.4% 5.69 0.0039 0.04
56 92.8 2.7 2.6 0.5 1.3 10180.63 89.1% 89.9% 93.5% 5.80 0.0039 0.04
57 92.9 2.7 2.6 0.6 1.3 10359.93 89.2% 90.0% 93.8% 5.65 0.0039 0.04
58 92.8 2.7 2.5 0.6 1.3 10539.58 89.3% 89.7% 93.9% 4.93 0.0039 0.04
59 92.9 2.7 2.5 0.5 1.3 10719.34 89.4% 89.9% 93.8% 4.90 0.0039 0.04
60 92.8 2.6 2.5 0.8 1.3 10899.03 89.4% 90.1% 94.0% 4.97 0.0039 0.04
61 92.6 2.7 2.6 0.8 1.4 11079.18 89.2% 89.9% 93.3% 5.77 0.0039 0.04
62 92.7 2.7 2.6 0.5 1.4 11259.44 88.9% 89.8% 93.1% 4.93 0.0038 0.04
84 91.9 3.1 2.6 0.8 1.5 11441.67 88.8% 88.4% 92.7% 7.22 0.0038 0.05
85 92.4 2.8 2.8 0.4 1.5 15897.72 88.3% 89.4% 92.8% 9.50 0.0038 0.07
86 92.8 2.7 2.6 0.6 1.4 16074.94 89.3% 89.8% 93.3% 6.23 0.0039 0.05
87 92.8 2.6 2.4 0.9 1.2 16252.98 90.0% 90.1% 94.1% 5.72 0.0039 0.05
88 92.9 2.7 2.5 0.6 1.4 16433.65 89.6% 89.9% 93.5% 5.13 0.0039 0.04
89 92.6 2.7 2.4 1.0 1.3 16613.11 90.0% 89.9% 93.8% 5.17 0.0039 0.04
90 92.7 2.7 2.3 0.9 1.3 16792.68 90.1% 89.9% 93.8% 5.14 0.0039 0.04
91 92.7 2.7 2.4 0.8 1.4 16972.96 89.9% 89.9% 93.5% 4.46 0.0039 0.03
92 92.6 2.7 2.5 0.7 1.5 17153.13 89.7% 89.7% 92.9% 5.13 0.0039 0.04
93 92.6 2.7 2.4 1.0 1.3 17332.89 90.0% 89.8% 93.9% 5.20 0.0039 0.04
94 92.6 2.8 2.5 0.6 1.5 17513.85 89.5% 89.5% 93.0% 4.98 0.0039 0.04
95 92.5 2.8 2.5 0.7 1.4 18233.58 89.6% 89.4% 93.1% 4.35 0.0039 0.03
96 92.7 2.8 2.4 0.8 1.4 18412.90 89.9% 89.5% 93.5% 4.36 0.0039 0.03
97 92.4 2.8 2.4 0.9 1.4 18592.92 89.8% 89.5% 93.3% 4.35 0.0039 0.03
98 92.9 2.7 2.2 0.8 1.3 18772.48 90.6% 89.9% 93.8% 4.05 0.0040 0.03
99 92.8 2.7 2.3 0.8 1.4 18952.76 90.3% 89.7% 93.6% 3.95 0.0039 0.03
100 93.1 2.6 2.3 0.7 1.4 19132.66 90.5% 90.2% 93.6% 3.87 0.0039 0.03
101 92.6 2.6 2.3 1.2 1.4 19312.55 90.4% 90.1% 93.6% 4.32 0.0039 0.03
102 92.6 2.7 2.3 1.0 1.4 19492.86 90.2% 89.9% 93.3% 3.77 0.0039 0.03
103 92.9 2.6 2.3 0.9 1.3 19672.29 90.5% 90.2% 93.7% 3.79 0.0040 0.03
104 92.5 2.8 2.4 0.7 1.5 19853.35 89.7% 89.5% 92.6% 3.85 0.0038 0.03
105 92.7 3.0 2.7 0.5 1.2 20393.53 88.8% 89.0% 94.1% 3.98 0.0038 0.03
106 92.5 2.7 2.5 1.1 1.2 20573.00 89.6% 89.8% 94.3% 4.45 0.0039 0.03
107 92.9 2.7 2.4 0.8 1.1 20752.45 90.0% 89.7% 94.8% 3.74 0.0040 0.03
108 92.7 2.7 2.4 0.9 1.2 20932.60 89.8% 89.8% 94.5% 3.85 0.0039 0.03
109 92.4 2.8 2.4 1.2 1.2 21112.72 89.7% 89.6% 94.3% 3.78 0.0039 0.03
110 92.6 2.8 2.6 0.7 1.4 21293.13 89.1% 89.5% 93.5% 3.82 0.0039 0.03
111 92.4 2.8 2.5 0.9 1.3 21473.01 89.3% 89.6% 93.5% 3.72 0.0039 0.03
112 91.1 3.9 3.2 0.4 1.4 21662.25 86.5% 85.7% 93.2% 1.93 0.0036 0.01
113 92.8 2.7 2.3 1.0 1.2 21832.42 90.2% 90.0% 94.5% 3.09 0.0040 0.02
114 92.6 2.7 2.4 1.1 1.2 22012.25 90.0% 89.7% 94.1% 3.83 0.0039 0.03
115 92.7 2.8 2.4 0.9 1.2 22192.40 90.0% 89.6% 94.1% 3.18 0.0039 0.02
116 93.0 2.6 2.2 0.9 1.2 22371.80 90.6% 90.2% 94.4% 3.16 0.0040 0.03
117 92.6 2.8 2.4 0.9 1.3 22552.40 89.8% 89.6% 93.8% 3.12 0.0039 0.02
118 92.3 2.8 2.5 0.8 1.5 22732.98 89.3% 89.4% 93.0% 3.15 0.0038 0.02
119 92.6 2.7 2.3 1.0 1.3 22912.05 90.3% 89.8% 93.8% 3.21 0.0039 0.03
120 92.4 2.7 2.4 1.0 1.4 23092.44 89.9% 89.6% 93.3% 3.20 0.0039 0.02
121 92.7 2.6 2.2 1.2 1.3 23271.64 90.7% 90.0% 94.1% 3.16 0.0040 0.03
122 92.7 2.7 2.3 1.0 1.3 23451.87 90.4% 89.8% 93.9% 2.53 0.0039 0.02
123 92.5 2.7 2.4 0.8 1.5 23632.30 89.7% 89.8% 92.8% 3.16 0.0039 0.02
124 92.4 2.6 2.2 1.4 1.4 23811.77 90.6% 90.0% 93.6% 3.18 0.0039 0.03
125 92.5 2.6 2.2 1.3 1.3 23991.76 90.7% 90.1% 93.9% 2.52 0.0040 0.02
126 92.4 2.7 2.3 1.1 1.5 24171.91 90.2% 89.9% 93.1% 3.17 0.0039 0.02
127 92.1 2.7 2.4 1.3 1.5 24352.13 90.0% 89.6% 92.8% 3.13 0.0039 0.02
128 92.4 2.7 2.4 1.0 1.5 24531.87 90.1% 89.9% 92.8% 3.14 0.0039 0.02
129 92.2 2.7 2.4 1.2 1.5 24712.06 90.0% 89.8% 92.7% 3.18 0.0039 0.02
130 93.0 2.6 2.2 0.9 1.3 24891.36 90.9% 90.3% 94.0% 2.53 0.0040 0.02
131 92.5 2.7 2.3 1.1 1.4 25071.58 90.3% 89.8% 93.3% 2.49 0.0039 0.02
132 92.3 2.7 2.3 1.3 1.4 25251.83 90.3% 89.8% 93.4% 2.51 0.0039 0.02
133 92.6 2.7 2.4 0.8 1.5 25431.81 90.0% 89.7% 93.0% 2.47 0.0039 0.02
134 92.4 2.7 2.4 1.0 1.5 25611.99 90.0% 89.8% 93.0% 2.58 0.0039 0.02
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Chevron Technology Ventures, LLC
CO2 Sorption Catalyst *ECM259018C800 Wt. CO2  extrudate, g 23.04 Reactor R1
Reforming Catalyst: 0.5% rhodium on Alumina) Engelhard Escat 326  Vol. CO2  extrudate, cc 32.5 S/C 3
Composition CO2  sorb CaO/Al2O3 (90/10) Density CO2, g/cc 0.7 GHSV, hr­1 390
Binder 15%Al203 Wt. SMR Cat., g 4.5 Reforming, °C 600
Batch No. HCB203032A (030A+031A) Vol. SMR Cat., cc 7.5 Calcination, °C 800
Extruded by CSMP Density SMR, g/cc 0.6 Pressure, atm. 1
Oven Atmosphere N2 Total Bed Wt., g 27.54
Calcined, C 800 Total Bed Vol., ml 40.0
(Wt. Adjusted)
Cycle H2 CH4 CO N2 CO2 M WGS CC CF
Avg. Cycle 
Time S gCO2 / gSorb
1 95.3 2.3 1.1 0.4 0.9 748.79 95.3% 91.5% 96.1% 29.67 0.0047 0.30
2 93.9 3.8 0.9 0.5 0.8 925.02 96.0% 86.4% 96.5% 25.97 0.0045 0.25
3 93.2 4.5 1.0 0.4 0.8 1103.23 95.6% 84.1% 96.5% 23.06 0.0044 0.22
4 93.7 3.9 1.1 0.4 0.9 1284.29 95.4% 86.1% 96.1% 24.37 0.0045 0.23
5 93.2 4.2 1.2 0.4 0.9 1463.84 95.1% 84.9% 96.0% 23.46 0.0044 0.22
6 93.4 4.0 1.2 0.5 0.9 1641.81 95.0% 85.7% 96.1% 22.09 0.0044 0.21
7 93.7 3.7 1.2 0.4 0.9 1821.32 94.8% 86.6% 96.0% 22.21 0.0045 0.21
8 92.3 5.1 1.3 0.4 0.8 2000.63 94.5% 82.2% 96.3% 20.02 0.0042 0.18
9
10
11
12
13
14 92.6 3.8 1.3 1.6 0.7 2612.47 94.6% 86.0% 96.7% 18.23 0.0043 0.17
15 92.8 3.7 1.3 1.5 0.7 2792.32 94.6% 86.5% 96.7% 18.13 0.0044 0.17
16 93.0 3.5 1.2 1.5 0.7 2972.51 94.8% 87.0% 96.9% 17.83 0.0044 0.17
17 93.0 3.5 1.3 1.5 0.7 3152.22 94.5% 87.3% 96.7% 18.65 0.0044 0.17
18 93.1 3.4 1.3 1.5 0.7 3333.13 94.4% 87.5% 96.8% 18.75 0.0044 0.18
19 93.2 3.3 1.3 1.4 0.7 3512.73 94.5% 87.7% 96.8% 18.65 0.0044 0.18
20 93.1 3.3 1.4 1.5 0.7 3693.19 94.3% 87.7% 96.7% 19.31 0.0044 0.18
21 93.2 3.3 1.4 1.4 0.7 3872.90 94.2% 87.9% 96.7% 19.32 0.0044 0.18
22 93.2 3.2 1.3 1.5 0.7 4051.99 94.3% 88.2% 96.7% 18.17 0.0044 0.17
23 93.3 3.2 1.4 1.4 0.7 4232.41 94.2% 88.1% 96.7% 18.09 0.0044 0.17
24 93.4 3.1 1.3 1.4 0.7 4411.92 94.3% 88.3% 96.8% 17.69 0.0044 0.17
25 93.4 3.1 1.4 1.4 0.7 4591.43 94.2% 88.4% 96.7% 17.72 0.0044 0.17
26 93.6 3.0 1.3 1.3 0.7 4770.93 94.5% 88.8% 96.8% 16.51 0.0045 0.16
27 92.9 3.5 1.4 1.5 0.7 4952.41 94.0% 87.3% 96.7% 18.42 0.0044 0.17
28 93.5 3.0 1.4 1.4 0.7 5130.28 94.2% 88.7% 96.8% 16.63 0.0045 0.16
29 93.7 2.9 1.3 1.3 0.7 5309.73 94.4% 89.0% 96.8% 15.56 0.0045 0.15
30 93.5 3.0 1.4 1.4 0.7 5489.59 94.2% 88.9% 96.7% 15.66 0.0045 0.15
31 93.6 3.0 1.4 1.3 0.7 5669.17 94.3% 88.9% 96.7% 15.10 0.0045 0.14
43 93.6 3.4 1.4 0.8 0.8 5854.46 93.9% 87.5% 96.5% 10.54 0.0044 0.10
44 93.4 3.1 1.6 1.1 0.7 7825.09 93.4% 88.3% 96.8% 9.49 0.0044 0.09
45 93.0 3.3 1.6 1.4 0.6 8004.29 93.1% 87.7% 97.1% 10.44 0.0044 0.10
46 93.4 3.2 1.7 1.1 0.7 8185.36 93.0% 88.2% 96.9% 9.50 0.0044 0.09
47 93.4 3.2 1.5 1.3 0.7 8363.59 93.7% 88.2% 97.1% 9.51 0.0044 0.09
48 93.4 3.1 1.5 1.3 0.7 8543.74 93.7% 88.5% 97.0% 9.44 0.0044 0.09
49 93.5 3.0 1.6 1.2 0.7 8724.49 93.2% 88.9% 96.9% 9.21 0.0044 0.09
50 93.5 2.8 1.6 1.3 0.7 8904.02 93.2% 89.4% 96.7% 9.50 0.0044 0.09
51 93.4 2.9 1.6 1.5 0.7 9084.00 93.3% 89.3% 97.0% 9.46 0.0045 0.09
52 93.7 2.8 1.6 1.2 0.7 9263.98 93.3% 89.5% 96.8% 8.93 0.0045 0.08
53 93.4 2.9 1.6 1.3 0.7 9444.22 93.0% 89.0% 96.9% 9.08 0.0044 0.09
54 93.6 2.8 1.6 1.2 0.7 9623.81 93.1% 89.5% 96.8% 8.98 0.0044 0.09
55 93.6 2.8 1.6 1.3 0.7 9803.74 93.4% 89.6% 96.8% 8.74 0.0045 0.08
56 93.5 2.8 1.5 1.5 0.7 9982.96 93.5% 89.6% 96.8% 9.06 0.0045 0.09
57 93.4 2.9 1.6 1.4 0.7 10163.53 93.2% 89.3% 96.8% 8.87 0.0044 0.08
58 93.4 2.8 1.6 1.4 0.7 10342.89 93.3% 89.4% 96.8% 9.00 0.0045 0.09
59 93.4 2.9 1.6 1.5 0.7 10522.80 93.4% 89.3% 96.9% 8.45 0.0045 0.08
60 93.8 2.7 1.5 1.3 0.7 10702.64 93.7% 89.8% 97.0% 8.31 0.0045 0.08
61 93.4 2.9 1.6 1.3 0.7 10883.28 93.1% 89.2% 96.8% 8.38 0.0044 0.08
62 93.5 2.8 1.6 1.4 0.7 11063.24 93.2% 89.4% 96.9% 7.95 0.0044 0.08
63 93.6 2.7 1.6 1.4 0.7 11242.63 93.4% 89.7% 96.9% 8.33 0.0045 0.08
64 93.4 2.8 1.6 1.5 0.7 11422.53 93.4% 89.4% 96.9% 7.87 0.0045 0.07
65 93.5 2.8 1.6 1.4 0.7 11602.18 93.4% 89.4% 96.7% 7.86 0.0045 0.07
66 93.2 2.9 1.7 1.5 0.7 11782.85 92.9% 89.3% 96.8% 8.34 0.0044 0.08
67 93.3 2.9 1.6 1.5 0.7 11961.91 93.3% 89.3% 96.8% 7.84 0.0044 0.07
68 93.3 2.9 1.6 1.4 0.7 12142.40 93.1% 89.3% 96.7% 7.76 0.0044 0.07
69 93.5 2.8 1.6 1.3 0.7 12322.24 93.3% 89.4% 96.8% 7.79 0.0045 0.07
70 93.1 3.0 1.7 1.6 0.7 12502.46 93.0% 88.9% 96.8% 8.15 0.0044 0.08
71 93.4 2.9 1.7 1.3 0.7 12682.45 93.0% 89.1% 96.8% 7.85 0.0044 0.07
72 93.5 2.8 1.6 1.3 0.7 12862.50 93.2% 89.5% 96.7% 7.31 0.0044 0.07
73 93.4 2.9 1.7 1.3 0.7 13042.28 93.0% 89.2% 96.8% 7.72 0.0044 0.07
74 93.2 2.8 1.7 1.5 0.7 13222.01 93.0% 89.4% 96.6% 7.79 0.0044 0.07
75 93.3 2.8 1.6 1.6 0.7 13402.12 93.1% 89.6% 96.7% 7.55 0.0045 0.07
76 93.2 2.9 1.6 1.5 0.7 13581.85 93.1% 89.2% 96.7% 7.54 0.0044 0.07
77 93.4 2.8 1.6 1.4 0.7 13762.19 93.1% 89.5% 96.6% 7.03 0.0044 0.07
78 93.4 2.8 1.6 1.5 0.7 13941.52 93.2% 89.6% 96.7% 7.35 0.0045 0.07
79 93.4 2.7 1.6 1.5 0.7 14121.84 93.2% 89.7% 96.8% 7.26 0.0045 0.07
80 94.0 2.4 1.2 1.7 0.7 14300.71 94.8% 90.9% 96.9% 5.56 0.0046 0.05
Note: Cycles 1­14 methane regulator pressure onot adjusted correctly.  Flow rates incorrect/ Combined with  9/12/05
12/6 ­ 12/7/05 (12 cycles lost during mass spec repair.)
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Average Reaction Efficiencies *ECM259018C800 & Engelhard Escat 326 
Average Reformate Composition  *ECM259018C800 & Engelhard Escat 326 
gCO2 Sorbed per g Sorbent *ECM259018C800 & Engelhard Escat 326 
Average Reaction Efficiencies
*ECM259018C800 & Engelhard Escat 326 
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CaO Determination Comparison
CTV Lab Muffle Furnace Method Vs. CSMP CO2­TGA Method
CTV Lab Muffle Furnace Method
1. Individually   weigh   4   clean   crucibles   on   a   calibrated   analytical   balance.
Determine WEIGHT 1.
2. Place the clean, dry & weighed crucibles in the muffle furnace at 550C for 1 hour.
3. Cool in desiccator.  Determine WEIGHT 2. 
4. Place approximately 1 gram of sample in the crucible.
5. Determine WEIGHT 3. 
6. Dehydration:  Place the sample in the muffle furnace for 2 hours at 200C to drive
off water.
7. Cool in desiccator.  Determine WEIGHT 4. 
8. Decomposition:  Place the sample in the muffle furnace for 2 hours at 550C to
determine the weight loss due to conversion from CaC2O4 to CaCO3. Cool in
desiccator.  Determine WEIGHT 5. 
9. Decarbonation: Place samples in muffle furnace at 925C for 4 hours to determine
the  weight   loss   due   to   conversion   of   CaCO3   to  CaO.     Cool   in   desiccator.
Determine WEIGHT 6.
Sample ID ECM25­
5061C30
0
ECM25­
5061C50
0
ECM25­
5061C75
0
ECM25­
5061C80
0
WEIGHT 1 (Weight of clean crucible) 13.8211 13.4467 14.0251 14.6533
WEIGHT 2 (Crucible / 550C 1 hour) 13.8205 13.4463 14.0179 14.6533
WEIGHT 3 (Crucible + sample) 14.8787 14.4855 15.0398 15.6666
WEIGHT 4 (Crucible + sample 200C) 14.8775 14.4887 15.0635 15.7143
WEIGHT 5 (Crucible +  CaC2O4) 14.8229 14.4679 15.0141 15.6371
WEIGHT 6 (Crucible + CaO) 14.5323 14.1713 14.8521 15.6177
Calcination Temp, C 300 500 750 800
Water and Organic Mat'l on Crucible,
mg 0.6 0.4 7.2 0
Initial Sample Weight, g 1.0582 1.0392 1.0219 1.0133
Final Sample Weight, g 0.7118 0.725 0.8342 0.9644
Muffle Furnace Total Weight Loss, % 32.73% 30.23% 18.37% 4.83%
CSMP Results using CO2TGA
Mass Loss, % 32.60% 31.10% 15.60% 4.90%
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Variation, % +/­0.2%  +/­1.4% +/­1.0%   +/­0.2%
CSMP CO2TGA/CTV Muffle Furnace 1.00 1.03 0.85 1.02
ECM255061 Calcination Series
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Figure A­1.  Percent weight loss as a function of calcination temperature. 
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CO2 Sorption Catalyst ECM 255­003 ECM 255­008 ECM 255­019
Reforming Catalyst  Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Reactor 1 1 1
Date loaded 2/24/2005 5/9/2005 1/10/2005
Date unloaded 3/3/2005 5/19/2005 1/14/2005
Composition CO2  sorb CaO (100) CaO/MgO (80/20) CaO/Al2O3 (95/5)
SMP + Binder SMP Comp + 15%Al203 SMP Comp + 15%Al203 SMP Comp + 15%Al203
Batch No.    HCM178177E + HCM178178A PCB953401A­1
Cycles 47 81 30
Calcined (Air), °C 750 750 750
Sieve Analysis­ Fresh
Sample Through (Mesh), g g g g
18 0.00 0.00 0.00
16 0.00 0.00 0.00
14 0.05 0.03 0.00
12 10.20 9.99 10.08
10 0.00 0.00 0.00
8 0.00 0.00 0.00
6 0.00 0.00 0.00
Total 10.25 10.02 10.08
Fresh, %
Mesh Size, mm
1.00 0 0 0
1.18 0 0 0
1.40 0 0 0
1.70 100 100 100
2.00 0 0 0
2.36 0 0 0
3.35 0 0 0
Total 100 100 100
Sieve Analysis­Used
Sample Through (Mesh), g g g g
18 14.54 2.82 1.47
16 1.09 0.37 0.64
14 1.02 0.33 0.47
12 5.35 17.76 20.41
10 11.30 0.00 0.00
8 0.00 0.00 0.00
6 0.00 0.00 0.00
Total 33.30 21.28 22.99
%Fines 46.94 14.99 9.18
Mesh Size, mm 47 Cycles 81 cycles 30 Cycles
1.00 44 13 6
1.18 3 2 3
1.40 3 2 2
1.70 16 83 89
2.00 34 0 0
2.36 0 0 0
3.35 0 0 0
Total 100.00 100.00 100.00
Comments Mixed with SMR & Carbon  
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CO2 Sorption Catalyst ECM 255­021 *ECM 255­029 *ECM255­036 
Reforming Catalyst  Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Reactor 2 1 2
Date loaded 1/10/2005 3/28/2005 5/4/2005
Date unloaded 1/14/2005 4/11/2005 5/22/2005
Composition CO2  sorb CaO/Al2O3 (90/10) *CaO­Al203 (95/5) *CaO­Al203 (90/10)
SMP + Binder SMP Comp + 10%Al203 SMP Comp.+ 15% Al2O3 SMP Comp.+ 15% Al2O3
Batch No. PCB954103A­1 No information available ECM255032 + ECM255033
Cycles 30 37 81
Calcined (Air), °C 750 750 750
Sieve Analysis­ Fresh
Sample Through (Mesh), g g g g
18 0.00 0.00 0.00
16 0.00 0.00 0.00
14 0.25 0.09 0.04
12 9.74 6.35 27.00
10 0.00 0.12 0.00
8 0.00 0.46 0.00
6 0.00 2.98 0.00
Total 9.99 10.00 27.04
Fresh, %
Mesh Size, mm
1.00 0 0 0
1.18 0 0 0
1.40 3 1 0
1.70 97 64 100
2.00 0 1 0
2.36 0 5 0
3.35 0 30 0
Total 100 100 100
Sieve Analysis­Used
Sample Through (Mesh), g g g g
18 0.19 1.36 1.03
16 0.04 0.36 2.13
14 0.23 0.59 19.98
12 1.97 17.00 0.00
10 18.52 0.31 0.00
8 0.00 0.52 0.00
6 0.00 4.50 0.00
Total 20.95 24.64 23.14
%Fines 1.10 6.98 13.66
Mesh Size, mm 30 Cycles  37 Cycles 81  Cycles
1.00 1 6 4
1.18 0 1 9
1.40 1 2 86
1.70 9 69 0
2.00 88 1 0
2.36 0 2 0
3.35 0 18 0
Total 100.00 100.00 100.00
Comments Restarted 5/9/05
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CO2 Sorption Catalyst ECM255­061C300 ECM255­061C500 ECM255­061C750
Reforming Catalyst  Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Reactor 1 2 1
Date loaded 5/19/2005 6/8/2005 6/21/2005
Date unloaded 5/29/2005 6/15/2005  
Composition CO2  sorb *CaO­Al203 (90/10) *CaO­Al203 (90/10) *CaO­Al203 (90/10)
SMP + Binder SMP Comp.+ 15% Al2O3 SMP Comp.+ 15% Al2O3 SMP Comp.+ 15% Al2O3
Batch No. T­Storm PCB954103A­1(HCB198078B + 
Cycles 75 57 81
Calcined (Air), °C 300 500 750
Sieve Analysis­ Fresh
Sample Through (Mesh), g g g g
18 0.00 0.00 0.00
16 0.04 0.01 0.00
14 0.03 0.00 0.00
12 6.22 6.65 3.00
10 0.07 0.19 0.00
8 0.37 1.49 0.84
6 1.06 0.00 0.00
Total 7.79 8.34 3.84
Fresh, %  
Mesh Size, mm
1.00 0 0 0
1.18 1 0 0
1.40 0 0 0
1.70 80 80 78
2.00 1 2 0
2.36 5 18 22
3.35 14 0 0
Total 100 100 100
Sieve Analysis­Used
Sample Through (Mesh), g g g g
18 4.00 0.56 4.92
16 3.79 0.22 1.13
14 1.71 1.37 0.02
12 18.17 17.36 11.52
10 1.38 0.88 0.83
8 0.00 2.18 2.31
6 1.06 0.15 0.00
Total 30.11 22.72 20.73
%Fines 25.87 3.43 29.18
Mesh Size, mm 75 Cycles 57 Cycles 81 Cycles
1.00 13 2 24
1.18 13 1 5
1.40 6 6 0
1.70 60 76 56
2.00 5 4 4
2.36 0 10 11
3.35 4 1 0
Total 100.00 100.00 100.00
Comments Cycles 23­30: Preheater Failure
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CO2 Sorption Catalyst ECM255­061C800 ECM259­002­2C ECM259­011C
Reforming Catalyst  Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Reactor 1 1 2
Date loaded 7/5/2005 6/8/2005 6/21/2005
Date unloaded 7/15/2005 6/20/2005 6/30/2005
Composition CO2  sorb CaO­Al203 (90/10) CaO­Al203 (90/10) CaO­Al203 (90/10)
SMP + Binder SMP Comp.+ 15% Al2O3 SMP Comp.+ 15% Al2O3 SMP Comp.+ 15% Al2O3
Batch No. PCB954103A­1(HCB198078B +  PCB290040C (HCB203020A)  
Cycles 74 53 77
Calcined (Air), °C 800 750 750
Sieve Analysis­ Fresh
Sample Through (Mesh), g g g g
18 0.00 0.00 0.00
16 0.00 0.08 0.00
14 0.03 0.05 0.00
12 8.33 9.96 5.89
10 0.20 0.00 0.33
8 1.53 0.00 0.45
6 0.00 0.00 3.77
Total 10.09 10.09 10.44
Fresh, %
Mesh Size, mm  
1.00 0 0 0
1.18 0 1 0
1.40 0 0 0
1.70 83 99 56
2.00 2 0 3
2.36 15 0 4
3.35 0 0 36
Total 100 100 100
Sieve Analysis­Used
Sample Through (Mesh), g g g g
18 1.92 0.15 0.00
16 0.36 0.19 0.35
14 3.68 1.64 4.96
12 14.96 21.42 1.00
10 0.67 0.00 9.70
8 1.52 0.00 2.36
6 2.74 0.00 4.80
Total 25.85 23.40 23.17
%Fines 8.82 1.45 1.51
Mesh Size, mm 74 Cycles 53 Cycles 77 Cycles
1.00 7 1 0
1.18 1 1 2
1.40 14 7 21
1.70 58 92 4
2.00 3 0 42
2.36 6 0 10
3.35 11 0 21
Total 100.00 100.00 100.00
Comments
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CO2 Sorption Catalyst *ECM259­012C *ECM259­013C *ECM259­013C *ECM259­018C800
Reforming Catalyst  Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard SR55 Engelhard 326 (0.5%Rh on 
Alumina)
Engelhard 326 (0.5%Rh on 
Alumina)
Reactor 2 1 2 2
Date loaded 7/5/2005 8/4/2005 8/4/2005 9/9/2005
Date unloaded 7/15/2005 8/22/2005 8/22/2005 10/6/2005
Composition CO2  sorb CaO­Al203 (90/10) CaO/Al2O3 (90/10) CaO/Al2O3 (90/10) CaO/Al2O3 (90/10)
SMP + Binder SMP Comp.+ 15% Al2O3 SMP Comp.+ 15% Al2O3 SMP Comp.+ 15% Al2O3 SMP Comp.+ 15% Al2O3
Batch No. ECM259007­009 HCB203032A (030A+031A)
Cycles 77 113 113 180
Calcined (Air), °C 750 750 750 800
Sieve Analysis­ Fresh
Sample Through (Mesh), g g g g g
18 0.03 0.00 0.00 0.00
16 0.02 0.03 0.03 0.02
14 0.02 0.02 0.02 0.03
12 5.94 6.64 6.64 2.27
10 0.27 0.37 0.37 2.26
8 0.76 2.71 2.71 5.90
6 2.61 0.36 0.36 0.15
Total 9.65 10.13 10.13 10.63
Fresh, %
Mesh Size, mm
1.00 0 0 0 0
1.18 0 0 0 0
1.40 0 0 0 0
1.70 62 66 66 21
2.00 3 4 4 21
2.36 8 27 27 56
3.35 27 4 4 1
Total 100 100 100 100
Sieve Analysis­Used
Sample Through (Mesh), g g g g g
18 1.71 1.95 0.00 0.00
16 0.50 0.35 0.17 0.36
14 3.43 2.78 1.34 3.68
12 11.44 10.63 3.80 14.96
10 0.93 2.60 2.44 0.67
8 1.91 1.28 2.82 1.52
6 1.87 4.21 5.34 2.74
Total 21.79 23.80 15.91 23.93
%Fines 10.14 9.66 1.07 1.50
Mesh Size, mm 77 Cycles 113 Cycles 113 Cycles 180 Cycles
1.00 8 8 0 0
1.18 2 1 1 2
1.40 16 12 8 15
1.70 53 45 24 63
2.00 4 11 15 3
2.36 9 5 18 6
3.35 9 18 34 11
Total 100.00 100.00 100.00 100.00
Comments Simulated Aging                  (22 
Cycles)
Simulated Aging                  (22 
Cycles)
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